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Operating Experience with High Beta Superconducting RF Cavities*

H. F. Dylla, L. R. Doolittle and J. F. Benesch
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

Abstract Several accelerator SRF projects are complete and
operational: Stanford's HEPL, KEK's TRISTAN. Darmstadt's

The number of installed and operational 13-1 superconducting S-Dalinac, DESY's HERA, and CERN's SPS. Accelerator
rf cavities has grown significantly over the last two years in projects using SRF that are under construction and have some
accelerator laboratories in Europe, Japan and the U.S. The operational experience are CEBAF. CERN's LEP, Saclay, and
total installed acceleration capability as of mid-1993 is Frascati. Possible future applications include TESLA 1131,
approximately I GeV at nominal gradients. Major spallation neutron sources and FEL drivers. See also Table I.
installations at CERN, DESY, KEK and CEBAF have This paper presents a summary of present performance
provided large increments to the installed base and valuable and experience of the installations worldwide. Topics include
operational experience. A selection of test data and operational aspects of the cavities and their peripheral
operational experience gathered to date is reviewed, hardware. Particular emphasis is placed on CEBAF's

experience with SRF cavities because the authors are closest
I. INTRODUCTION to it and because the number of units at CEBAF is about 80%

of those now installed worldwide.
Superconducting Radio-Frequency (SRF) cavities for

speed of light particles (1-1) are playing an increasing role in II. OPERATIONAL EXPERIENCE WITH SRF
high energy and nuclear physics accelerators worldwide. As
more cavities are manufactured, tested, and put into service, A. Tristan (KEK)
the breadth and depth of operational experience is growing. This system comprises thirty-two 508 MHz cavities
Installed acceleration capacity is approximately I GeV and a installed in pairs in 16 cryostats and operated at 4.5K.( II
total of about 106 cavity-hours of operation has been Total active length is 47.2 m. In pre-operational testing, the
accumulated. Figure I shows the time history of installed average gradient was 7 MV/m, while in operation this drops to
SRF acceleration capacity. 3.2-4.7 MV/m. 400,000 cavity-hours of operation with beam

have been accumulated. Operational problems at startup
I included vacuum leaks at beam pipe indium joints, since

>" solved, and coaxial coupler ceramic punch throughs. There
1000 have been some difficulties with the piezo-electric devices

used to tune the cavity frequency within the cryostat. A few
cavities experienced arc trips associated with synchrotron
radiation; these were reduced when intercepts were installed.

0

B. DESYI- ~- The HERA electron ring includes sixteen 500 MHz
Co z cavities in eight cryostats, totaling 19.2 active meters. The
V •operating temperature is 4.4 K. In pre-operational testing, the
-• / average gradient was 6 MV/m, while in operation this drops to

U 4 MV/m. 160,000 cavity-hours of operation with beam have
0been accumulated. Operational problems at startup included

"". .. Q degradation with slow cooldown.[21 This "'Q-disease" was
1970 1975 1980 1985 1990 1995 determined to be due to hydride formation in the temperature

Year range 70-170 K. A fast cooldown from 170 K to below 70 K
eliminates the difficulty, but this can be difficult for some

Figure 1. History of installed SRF acceleration capacity machines due to cryogenic system limitations. 131 Raising
the temperature to 200 K for two hours redistributes the

The range of parameters spanned by the cavities in use is hydrogen and Q is often restored. 14] High temperature heat
substantial. Cavities are constructed either of solid niobium or treatment above 800 *C eliminates the problem and in
niobium sputtered onto formed copper. They are operated laboratory experiments anodization of the niobium surface
between 1.8 K and 4.5 K. Frequencies range from 352 MHz considerably reduced the Q-degradation.[3, 51
to 3000 MHz. Beam currents range up to 70 mA. Gradients
in laboratory tests of production cavities range from 5 to 20 C. Darmstadt
MV/m. Once these cavities are installed in cryostat systems, S-Dalinac includes ten and one quarter 3000 MHz 20-cell
additional constraints due to the system interlocks and the cavities in two cryostats, totaling 10.25 active meters.161
interfaces result in system gradients ranging from 3 to 12 (Fractional cavities have fewer than the standard number of
MV/m. cells for a given machine.) The operating temperature is
*This work supported by US DOE Contract DE-ACO5-84ER401540 1.8 K. In operation, the average gradient is 5.6 MV/m.
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43,000 cavity-hours of operation with beam have been Test Facility is 15 MV/m at QŽ: 5 x 109. TESLA itself will
accumulated. Some of the cavities have lower Q than require a usable gradient of 25 MV/rn at the same Q.1 131
expected. This, coupled with refrigeration limitations, has led The best production (5-cell) cavity at CEBAF reached 20
the system to be operated at less than design energies. MV/m gradient in the vertical test dewar. No special care was
Replacement cavities are due to be installed shortly. taken in preparing this cavity; it represents the outlier of the

distribution. This result is shown in Figure 2. One cavity in
D. Saclay the CEBAF production run was specially treated, and

MACSE includes five 1500 MHz cavities in two and a achieved 20.5 MV/m. On initial testing (standard processing)
half cryostats, totaling 2.5 active meters, operating at 1.8 K.[71 this latter cavity reached 16 MV/m without field emission. It
(Fractional cryostats have fewer than the usual number of was subsequently annealed at 1400'C in an UHV furnace with
cavities for a given machine.) In operation the average titanium as a solid state getter, chemically etched and rinsed
gradient is 12 MV/m. Operational problems at startup with water at moderate pressure (10 MPa). 1141 Cornell
included a cold sapphire rf window failure. reported at this conference results on a 9 cell cavity at 3 GHz

Saclay has made great strides in closed loop chemical which achieved 30 MV/m.1151 For CEBAF, the surface field
treatment and cleaning systems for SRF cavities. Results have is 2.56 times the accelerating field, while the ratio is 2.1:1 for
been excellent, with gradients on test cavities ranging to 28 the Cornell cavity.
MV/m.181

E. CERN
LEP 200 is the on-going upgrade of the LEP accelerator

system with SRF cavities to double the available particle Hlhqfwtpr"I tf
energy. The installation will consist of 192 cavities in 48 _L .... k, ,ý,,by wmh,

cryostats operating at 352 MHz.[91 The operating temperature o if
is 4.5 K. As of May 1993, twelve cavities in three cryostats
h.ve been installed and operated with beam. This represents
23.4 m of active length, about 6% of the total planned (326m).
in pre-operational testing, the average gradients were 5-6 r-w, d .
MV/m, while in operation this drops to 3.5-5.5 MV/m. By ,..-
contract, the vendors are allowed 20% maximum degradation
between vertical test and tunnel horizontal cryostat test results.
30,000 cavity-hours of operation with beam have been
accumulated. Startup problems include difficulties with Excecdecifcation

coaxial input power couplers and HOM output couplers. 1,0,,-
F. CEBAF acc (MV,m)

CEBAF now has 113 active meters installed for operation
at 2K; upon completion in December 1993 it will comprise Figure 2. Performance of two CEBAF cavities
169 active meters. The machine will include 338 cavities I. CEBAF CAVITY TESTING
operating at 1497 MHz in 42 1/4 cryostats. In pre-operational
testing, the average gradients at field emission onset are 7.5-
10 MV/m, while in operation in the horizontal cryostat usable At CEBAF, the basic unit of the accelerating structure is a
gradient is 5-7.5 MV/m. 140,000 cavity-hours of operation hermetically sealed pair of cavities. The cavities are
with beam have been accumulated.[ 10] One cryomodule was chemically etched, rinsed with high purity water and alcohol
pushed to an average gradient of 8 MV/m with beam. (isopropanol or methanol), assembled in a class 100 clean
Operational problems at startup include system performance room with the necessary auxiliary hardware, and evacuated-
limited by refrigeration capacity until the 2K cold compressor all within a five hour period. The cavity pairs remain under
system functions (expected in late 1993). It appears that vacuum thereafter. Each cavity pairs is hung from a dewar
consistent system operation above 7.5 MV/m will require rf lid, connected to variable coaxial couplers, and subjected to a
conditioning of the waveguide transition from room full rf performance test at 2 K in a vertical dewar. This has
temperature to 2 K and better understanding of the interactions proved advantageous compared to procedures during which
among the hardware interlocks monitoring performance. cavities have to be exposed to atmosphere after initial testing,

raising the chances of introduction of particulate
III. CURRENT STATE OF THE ART contamination..

As of May 1, 1993, 250 cavities had been assembled into
Significant advances are being made in pushing cavity pairs and tested. CEBAF defines usable gradient as the lower

performance, as reported in several papers at this conference. of the gradient with I W of field emission dissipation or the
Proch reviewed this area in these proceedings, II l1, so only quench gradient less I MV/m. Using this definition, the
highlights will be given here. More work is needed: the average usable gradient achieved was 9.4 MV/m at
usable gradient assumed for the contemplated European Q - 7 x 109 versus 5 MV/m at 2.4 x 109 specified. In vertical
Electron Machine is 10 MV/m at Q? 4 x 109.1121 The usable test, gradient was limited by the following mechanisms: 5%
gradient goal for the cavities being fabricated for the TESLA quench without any field emission, 35% quench with field

emission and 60% field emission sufficient to exceed
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available rf power (80 W) or a scif-imposed radiation limit. In needs to be limited to minimize radiation damage to coupler
Figure 2 we show the Q versus E plots of two cavities, a ceramics which can result in vacuum leaks and to minimize
typical unit with field emission loading at moderate gradients radiation damage to the niobium itself.
and the best production cavity to date, with field emission CEBAF has steadily improved its average gradient at
beginning at i 2 MV/m and a thermal-magnetic quench at field emission onset over time by careful rinsing and attention
20.1 MV/rn with 46 W power dissipation, about half in field to clean assembly techniques. The data shows that much
emission. In Figure 3 we show field emission onset gradients improvement is still possible, and many techniques are being
versus time. It is noteworthy that the standard deviation of the investigated in labs around the world. High pressure (10
field emission onset gradient and usable gradients has not MPa) water rinsing has shown great promise at CERN 117]
changed since production began: o=3 MV/m has remained and CEBAF 114]. Cornell has also successfully applied high
constant while the average gradients increased by 50%. The power pulsed processing to eliminate (by explosion) field
source of this performance spread is not understood. A cavity emission sites.t18] Cornell 119] and Wupertal [201 have
fabrication and performance database is being assembled for shown that heat treatment in a UHV furnace above 1200 'C
further trending and feedback to cavity performance, but no can also reduce field emission. Of these techniques, the high
variable examined to date has correlated well with the width pressure rinsing is the easiest to implement and therefore the
of the distribution. This effort will continue after the cavity most likely to enter manufacturing service soon.
pair production is complete to provide information to the
accelerator community. VI. SRF PERFORMANCE LIMITATIONS IN

18- ACCELERATORS

16- One has to make a clear distinction between the

• 14 - fundamental capability of the SRF cavity technology and its
- - .practical application in an accelerator environment. For the

0
C 1 2 - * • • group of people dealing with cavities alone, it is important to
o.. -- stretch the performance of a cavity to its limit. The results of

10.. w such tests, generally done under well controlled conditions in
E • . , - .. .. . . a vertical configuration without beam, point towards

'a 8-- . fundamental performance limitations: anomalous losses
.T - . • * • * 5 - caused by defects, thermal-magnetic breakdown, or field

i_ 6- - ' •". .. ..
@ 6 .. ..... emission loading. In the accelerator environment, often the

cc 4 -- prior performance of the cavities cannot be repeated due to
.. external constraints which are not present in the well

2- controlled vertical tests. Among these are power handling
problems (rf heating and outgassing) in external waveguides

0 1 i i i ' I (CEBAF), rf power limitations due to low Q external
11/1/91 5/1/92 1 1/1/92 5/1/93 (CEBAF), insufficient masking of synchrotron radiation

date (KEK), limitations in cryogenics due to high rf losses (Q-

Figure 3. Gradient at field emission onset versus time for disease, HERA) and non-performing (incomplete) cryo-

CEBAF cavity production systems (CEBAF).
At CEBAF, there are several interlocks installed in the

The cavities which did quench without field emission did cavity cryostats to protect the system. At the present time,
so with a spread in gradients of 8 to 18 MV/m. This is since there is little operating experience, these are set very

sufficient data to indicate that the niobium used in the CEBAF conservatively. Most of these monitor the waveguide between

cavities, with RRR= 250 as supplied and RRR--200 as welded,

does not yet provide the thermal stability needed for Eacc > 15 senses the light from arcs in the waveguide. If light is seen for
more than 50 pis, the rf is shut off. There is a thermopileMV/rn as desired for future accelerators. Even the titanium which monitors the IR radiation in the waveguide. If this

gettered cavity cited above, with an RRR>800, was limited to
sensor goes above a set point which corresponds to about20.5 MV/in. More work on the basic materials used in o awrmplehenwidterfssutf.Te

caviies s cearl neeed.50 °C on a warm polyethylene window, the rf is shut off. The
cavities is clearly needed. ion pump on this waveguide section is monitored and the rf

V. SRF CAVITY FIELD EMISSION shut off if the pressure exceeds 10-7 torr. Finally, the cavity is

LIMITATION administratively limited to I W of field emission loading as
measured calorimetrically. With all these constraints, the first

As mentioned above, only about 5% of the CEBAF 12 cryomodules at CEBAF (96 cavities) averaged 7.2 MV/rn
cavities shoenofineld av onlyoad , 5 .othave Ea f usable gradient versus a specification of 5 MV/m. Within the

cavities show no field emission loading, i.e., have a flat Q allowed dynamic heat load of 45 W, the average gradient is
profile until quench. There are two types of electron loading 6.5 MV/rn. Cavity performance has continued to improve and

in cavities, resonant (multipacting) and non-resonant (field 6.5 vale ave perforinceas conthe tire and

emission). The first is reasonably well understood and can be when ialled an d co increase are

eliminatedwhen installed and commissioned. Further increases are

electron loading is due to both intrinsic and extrinsic expected as the waveguide is conditioned and the machine is

impurities of the niobium surface. Field emission loading better understood, allowing some interlocks to be relaxed.
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Net performance of a cavity necessarily diminishes as VII. HIGHER ORDER MODE POWER
more and more requirements and support equipment are EXTRACTION
considered. This has little to do with actual degradation of the
cavity, and more to do with the fact that a chain is only as Higher order modes (HOMs) must be adequately damped
strong as its weakest link. We note in passing that the design to prevent various forms of beam breakup. Different
specification for CEBAF cavity operation is 5 MV/m with accelerators have different requirements, and the problems
Qo-_2.4 x 109, and that neither typical cavities nor their increase with increasing beam current, decreasing rf bucket
supporting hardware has any problems operating at that level, length, increasing number of passes, and decreasing time
Subsystems and infrastructure start to show their limits when between bunches.
asked to perform at 150% of specifications and higher, High current machines such as storage rings generate
although the CEBAF cavities (on average) are capable of large amounts of HOM power. TRISTAN, in fact, has
operation at about 200% of specifications. In Figure 4 we problems with power handling on the HOM output coupler,
compare vertical test performance with tunnel commissioning and has had to replace the couplers. Low current machines
performance for 125 cavities, while in Figure 5 we remove the like CEBAF, on the other hand, will only dissipate a fraction
47 cavities constrained in the tunnel by interlocks from the of a watt of HOM power (0.25 W per 5-cell cavity at a beam
comparison, current of I mA). The heat load involved in couplers to take

this power out to room temperature or even a thermal shield at
20 40-80K would exceed the power in the modes themselves,

18 X and therefore CEBAF has HOM loads inside the cryostat at
1 2 K. Materials requirements for these loads were themselves

j 16 0 something of a challenge.121l They must have temperature
14 0 <independent microwave absorption properties, be vacuum1•4 6 o o /0

0 og 0 compatible, and have good thermal conductivity.
oO°12 0 & Operational measurements of the damping of HOMs in

" CEBAF cavities with beam indicate that the beam breakup
10 n (BBU) threshold is about 14 ma, which is 70 times the design

0 ° 00 current. Future SRF accelerator projects, such as CERN LEP-
o 8 oV ' 0 II, Cornell B-factory, and FEL drivers, will have HOM

6 op 0 damping and power handling requirements more severe than
o ,those of accelerators in operation today, and research to

4 0 o advance the technology is underway.[21]

2 Z I.... I 1' VIII. COUPLER CERAMICS
2 4 6 8 10 12 14 16 18 20

Accelerator Operational Limit (MV/rn) As mentioned above, several laboratories have had

Figure 4. Comparison of vertical test with accelerator limit trouble with arcing and breakdown of coupler ceramics,
derived all constraints on tunnel commissioning tests leading to reduced power handling limits or vacuum leaks

20 .... through the ceramics. As a result, many laboratories are
0 . contributing to the knowledge base on breakdown properties

18 of ceramics, in particular high purity alumina. There are at
least two distinct phenomena related to the interaction of

• 16 ionizing radiation with the ceramics. Glass (SiOx) impurities

14 0 must be minimized because radiation dosage leads to
decomposition and formation of vacuoles which increase

12 :.. .......0...-. .... permeation rates and can eventually link up to form a true"J 2 ... .. i 0 : 08 "

-: o %o . - leak.t221 Ionizing radiation can also cause surface flashover.
The second phenomenon has been seen at CEBAF.[23] These

O 8 - .-- ... phenomena may be the cause of small (-108 atm-cc/s)
.. 00 8vacuum leaks which are infrequently found in the CEBAF

M6 Q0 o . .. . cold rf window ceramic after vertical test.
1.)0 00 Multipacting has been identified as a source of rf window

failure and antimultipacting coatings, such as TiN, TiO2 or
2 -Cr203, are routinely applied to ceramic rf windows.124]

2 4 6 8 10 12 14 16 18 20 Coatings with controlled resistivity, designed to provide some
Accelerator Operational Limit (MV/m) charge drainage while minimizing rf loss in the coating, are

under development. Gold and other impurity dispersions in
Figure 5 Comparison of vertical test with accelerator limit the antimultipacting coatings cited appear promising.1251
derived from only those constraints on tunnel operation which Above all, good surface preparation, cleaning and handling
are also present in vertical test. procedures are mandatory.
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IX. CAVITY VACUUM INTEGRITY 121 G. Enderlein et al., Proc. of the 1991 Particle Accel.
Conf, p 2432; and D. Proch, private communication.

Cavity vacuum integrity has been a problem for the field 131 B. Bonin and R.W. Roth, ibid, p. 210.
because of the sensitivity of the indium sealed niobium [41 K. Saito and P. Kneisel, Proc. of the 3rd European
flanges to surface preparation. A recent technique developed Particle Accelerator Conference EPAC 92, p. 1231.
at CEBAF has increased the sensitivity for measuring the [51 K. Saito and P. Kneisel, Proc. of the 5th Workshop on
vacuum integrity of cavity assemblies.126,271 Since the RF Superconductivity, p. 665, DESY M-92-01 (April
cavity pairs are submerged in liquid helium for roughly a day, 1992).
an integrated leak test provides great sensitivity. In the [61 J. Auerhammer, et al., Proc. of the 5th Workshop on RF
CEBAF cavity pairs there are 16 indium joints (4.75m) and 4 Superconductivity, p. 110, DESY M-92-01 (April 1992)
copper knife edge seals. The average integrated leak rate for [71 B. Aune, private communication.
80 pairs was 5.8 x 10-11 atm-cc/s. 181 B. Bonin, these proceedings.

191 C. Wyss, these proceedings: G. Cavallari, et al., these
X. SUMMARY proceedings.

110] A. Hutton, these proceedings.
Superconducting rf technology is finally maturing as a 1ll] D. Proch, these proceedings.

reliable and cost effective means of accelerating high quality [121 M. Promd, private communication.
particle beams. Significant operational experience is being [13] H. Edwards, these proceedings.
clocked now and will double in the next year. Performance is 1141 P. Kneisel and M. Rao, these proceedings.
also improving, with production cavity gradients of 10-20 [15] J. Graber, et al., these proceedings.
MV/m in vertical test and 5-12 MV/m when installed in [161 C. M. Lyneis, Proc. of the Workshop on RF

accelerators and subject to additional systems requirements. Superconductivity, p. 119, KfK 3019 (November 1980).
Significant progress has been made on key technical issues [17] Ph. Bernard, et al., Proc. of the 3rd European Particle
which can limit performance and reliability, including HOM Accelerator Conference EPAC 92, p. 1269.
power extraction, cavity assembly vacuum integrity, and [181 J. Graber, et al., these proceedings.
power input couplers. Additional work is needed on the last [19] J. Kirchgessner, et al., Proc. of the 5th Workshop on RF
item as power handling requirements increase to the MW Superconductivity, p. 37, DESY M-92-01 (April 1992)
level, and references therein.

[20] R. W. Roth, et al., Proc. of the 2nd European Particle
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Table I - Machine Parameters

Lab HEPL Darmstadt C7B AF Saclay KEK DESY CERN
Machine SCA S-Dalinac CEBAF MASCE TRISTAN HERA LEP SPS
type Recycl. Recycl. Recycl. e linac e collider e-p collider e collider Acc/Inj
f(MHz) 1300 2997 1497 1497 508 500 352
Material Nb Nb Nb Nb Nb Nb Nb.Nb/Cu
Operating T (K) 2 1.8 2.0 1.8 4.5 4.4 4.5
length now (m) 6 10.25 73 2.5 48 19.2 20.4 3.4
length planned (m) 6 10.25 168 2.5 48 19.2 326 3.4
(MV/m) pre-op. - - 7-10 - 7 6 5.9-6.5
(MV'm) op. 2-3 5.6 5-7.5 12 3.2-4.7 4 3.5-5.5
Q0 (I0) - 3.0 5.7 10 1.7 1.0-2.0 3.5 4.3
beam current (mA) 0.5 .05 0.2 0.1 14 60 4 0.5
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Perpendicular Biased Ferrite-Tuned Cavities
R. L. Poirier

TRIUMF
4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3

Abstract phenomena and are compared. Basic magnetic field theory
and problems introduced by eddy currents, when

For varying the frequency of accelerating cavities in perpendicularly biasing ferrites, is presented. A comparison
rapid-cycling rf systems for Synchrotrons, perpendicular of the different tuner designs is discussed.
biased yttrium garnet ferrites have gained popularity over the
conventional parallel biased NiZn ferrites. An important II. DEVELOPMENT HISTORY
milestone in fast cycling perpendicular biased ferrite tuners
was reached at TRIUMF in the spring of 1991. To the best of The idea of operating at a bias field far above the
our knowledge this is the first time that anyone has operated gyromagnetic resonance in order to take advantage of the
a fast ac perpendicular biased yttrium garnet ferrite tuner low value of the dissipative component of the permeability
over such a large frequency swing at high rf power levels. A in that region, was first tested at Los Alamos for the Proton
similar design is now being developed at SSCL for the Low Storage Ring [5] at 500 MHz with a 1% tuning range. When
Energy Booster. This paper will present a brief history of the the LAMPF II rapid-cycling Synchrotron was proposed, the
development of perpendicular biased ferrite tuners, a development of perpendicular biased yttrium garnet ferrite
comparison of the two biasing methods. magnetic field operating above the gyromagnetic resonance was continued
theory of perpendicular biasing, and the problem of eddy at Los Alamos in the 50 MHz to 60 MHz range for a 20%
currents produced by the ac biasing circuit. A comparison frequency swing and a gap voltage between 130 and 140 kV
will be made of the requirements and design features of the [6][7]. These tests were with dc magnetic bias only but the
different tuner designs with special emphasis on the designs principle of operating above the gyromagnetic resonance
in the process of being developed and tested. (lower frequency) was tested at high power. Concurrently

TRIUMF was involved in an rf development program on
I. INTRODUCTION accelerating cavities for a proposed KAON Factory and a

collaboration was set up between TRIUMF and Los Alamos
Parallel biased NiZn ferrite tuners [1][2] have been well to further develop perpendicular biased ferrite tuners. Los

established for many years as a means of varying the Alamos shifted its efforts toward designing an off-axis tuner
frequency of accelerating cavities. NiZn ferrites have the with a smaller tuning range for the main ring cavity using a
disadvantage of very low electric Q's which limit the voltage radial bias scheme [8]. The radial bias scheme was aborted
that can be applied and very high saturation magnetization because of the difficulty in maintaining a uniform magnetic
values which make it impractical to operate in the saturation field. The Los Alamos Booster Cavity was shipped to
region for obtaining high magnetic Q's. Also when parallel TRIUMF where it was completely rebuilt for ac bias
biasing NiZn ferrites, instabilities caused by dynamic loss operation and the lower frequency limit extended to 46 MHz
effect and high loss effect were observed [3]. On the other [9].
hand, yttrium garnet ferrites have very high electric Q's and
are available with very low saturation magnetization values, ,OI.R,•E TO

making perpendicular biasing practical for operating in the
saturation region for high magnetic Q's. Operating in the r -/\
saturation region also eliminates the ac dynamic loss effect, .,:"O,,
which occurs only at low values of bias field. The high loss OEUP'N

effect, which is related to the stored rf energy in the ferrite
for the case of parallel biasing NiZn ferrite, has not been
observed in the case of perpendicular biasing yttrium garnet REAMA,6

ferrite. However, the classical non-linear detuning of the " VCUM

resonance curve as a function of power level has been
observed [4). Yttrium garnet ferrites are normally used at . oMS
microwave frequencies for such devices as isolators, Figure 1. Typical cross section view of the type of ferrite
circulators, phase shifters, attenuators and filters. These tuned cavity used at Los Alamos, TRIUMF and SSCL with
devices make use of the gyromagnetic resonance phenomena the ferrite tuner on the beam axis
for their properties and never operate much above a bias
field which causes a gyromagnetic resonance to occur. The The Los Alamos main ring cavity and RF amplifier was
history of perpendicular biased ferrite tuners operating at a eventually shipped to SSCL for its development program and
bias field far above the gyromagnetic resonance is reviewed, the collaboration initially set up between Los Alamos and
The two biasing methods are based on different physics TRIUMF has continued as a TRIUMF/SSCL collaboration.
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SSCL has designed a liquid cooled tuner similar to the design of the bias power supply comparable to the one used
TRIUMF/ILANL design [10] for the Low Energy Booster in parallel biasing NiZn ferrite and making them very
(LEB) and the Institute for Nuclear Physics in Novosibirsk attractive for perpendicular biasing.
(INP) has produced an alternative design [11] for the LEB
similar to the TRIUMF design except the tuner is an epoxied IV. PERPENDICULAR BIAS THEORY [19][20]
assembly. A typical cross-section view of the type of ferrite
tuned cavity used at Los Alamos, TRIUMF and SSCL is If a dc magnetic fielO H is ipplied to a ferrite material
shown in figure 1. The different tuner designs will be and a small rf magnetic field h is applied perpendicular to
discussed later. the dc field, the rotating vector (H+h) of a magnetic field

The Institute for Nuclear Research (INR) in Moscow has describes a cone and the magnetic moment M precesses
also done extensive design work on perpendicular biased around the cone. The condition for gyromagnetic resonance
ferrite tuners [121 for their proposed Kaon Factory. is when the rf is syndtronized with the precession and occurs
Development work on perpendicular biased ferrite tuners at
was also done at AECL, Chalk River for the PETRA II [13] H- = f/2.8
and HERA [14] RF systems in Hamburg but fol much slower
and smaller tuning ranges. A tuner using perpendicular where H is the internal dc magnetic field in oersteds and f is

biased ferrite was also developed at CERN for the 114 MHz the rf frequency in Megahertz. The permeability of the
electron accelerating system for the CERN PS [15] but again ferrite is of a tensor nature and has both a dispersive and a

for a slow and small tuning range. A stripline type fast ferrite dissipative component and can be written as
tuner with a small tuning range [16] was produced by ANT pa -

Bosch Telecom in Germany for BNL but is different from
the other designs in that it uses ferrite tiles epoxied to copper Figure 3 is an idealized plot of permeability vs applied
cooling plates. magnetic field. The plot of the dissipative component ýt"

shows the greatest loss at Hres, which is the condition for
III. COMPARING OF BIASING METHODS [17] gyromagnetic resonance. The plot of Rt' is the effective It for

the dispersive part of the permeability It'. The cavity
Assuming that the operating rf frequency is sufficiently frequency is tuned in the optimum way by varying the dc

far below the frequency for gyromagnetic resonance and that bias from H2 to H1 , thus varying Ri' from iR2 to lp1. In the
the rf field is small compared to the bias field, the effective region above resonance the value of R" is lowest.
permeability [18] for parallel biasing is a function of the rate __
of change of the B-H curve as shown in figure 2 by the slope I
of the tangent lines at points A and C, while for
perpendicular biasing it is a function of the ratio of B/H at 2-
any point on the B-H curve (e.g. slope of the lines B and D).

0

min H2  HI1
APPuED D.C. KALNE1C FELD

Figure 3. Plot of permeability vs applied magnetic field.

For low frequencies well below the frequency for

WP-M gyromagnetic resonance [21] and small rf magnetic fields
Figure 2 Plot of magnetic induction vs. magnetic intensity relative to the dc bias field, the expressions for u' and u" to

some approximation are:
The AH shown is for the same tuning range for each case

for a particular tuner. For NiZn ferrites which have very high+4n Ms _"= gAHk f 4t Ms
saturation magnetization values (3200 gauss for the NiZn H fo2  H
ferrite used at Fermilab), operating in the perpendicular bias
mode would require a significantly larger bias range and where g is the gyromagnetic resonance ratio, AHk the
would make the design of the bias power supply very spinwave linewidth at the gyromagnetic resonant frequency
difficult and expensive. On the other hand yttrium garnet fo, f the operating frequency, 4rtMs the saturation
ferrites are available with very low saturation magnetization magnetization and H the dc internal bias field. Since the
values (810g for the TRIUMF-KAON ferrites) making the magnetic Q is the ratio of i'it", then for a fixed frequency
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Table 1. Comparison of different rf system requirements MA,,E7

using perpendicular biased ferrite tuners
TRIUMF j SSCL JPETRA (a)
Booster LEB II (AECL)

Min Frequency (?MWz) 46.1 47.5 51.63 W

Max Frequency (MHz) 60.8 59.8 52.03

Peak RF at Gap (V) 62.5 127.5 100

Accelerating Time (ims) 10 50 7e4

Repetition Rate (It) 50 10 0.01

Max RF df/dr (MHz/ms) 3.5 1.03 3e-5WIN:O q- --

Max Bias di/dt (A/ms) 311 39.2 le-3 slott

Max df/di (MHz/A) 0.03 0.065 ---- CUuoiq

Min Bias (AT) 8640 6437

Max Bias (AT) 31200 24632 ---- (b)

Min H internal (AT/m) 19469 25956 40000

Max H internal (AT/m) 119292 136095 100000

Min HRF (A/m) 358 670

Max HRF (A/m) 656 3525 ....

Femite Material Tr-o810 "Tr-Gs 0 T o-G5Jo

Min p4 rf) of Ferrite 1.48 1.4 1.3

Max •rf) of Ferrite 3.94 3.2 2.8

Pk power density (W/cc) 0.50 0.936 ----

Avg power density (W/cc) 0.06 0.342 1.7 (c)

Cavity 0 2200-3600 2800-3420

Cavity R/Q 35 1_36 "______"

The INP alternative design for the SSCL LEB cavity is
also water cooled in the same way, but only two BeO disks
are used which are glued to the ferrite rings as shown in

tNTERLEAVEDIFERRITE PRNXXAfigure 5 (b). The outside surface of the outer ferrite rings and AND uRY^ A RINGS BIASING SOLENOID
the edges of all of the ferrites at the outer circumference are
glued to the tuner rf walls. The size of the ferrite rings are Figure 5. Cross-section view of ferrite tuners. (a)
similiar to the TRIUMF tuner but only 5 rings are used SSCL(LEB) direct water cooled tuner, (b) INP water/BeO

instead of 6 because of the slightly smaller tuning range. The cooled alternative for the LEB, (c) PETRA II & HERA

in-house LEB tuner design is a direct liquid cooled tuner type ferrite tuner. The TRJUMF tuner is already shown in
with the ferrite rings totally immersed in the cooling liquid. figure 4.

This requires an additional structure to contain the liquid frequency swing but with no tuning loops or regulating loops
since the rf tuner walls are slotted to reduce eddy current [9]. The ferrite tuner program at TRIUMF is now focussed

losses and increase the bandwidth response of the tuner. This on developing a control system and proper ferrite bias power
design also requires two ceramic windows, one to contain the supply to implement the above control loops.The INP
liquid and the other for the vacuum, as shown in figure 5(a). designed conduction cooled tuner at SSCL was tested under
The tuners for TRIUMF and SSCL are on the beam axis as dc bias conditions and maintained 70 kV at 5% duty cycle
part of the accelerating cavity and therefore the magnetic (100 msecs) in 1 Mhz steps over the desired frequency range
fields on the beam axis produced by the ferrite biasing field of 45 to 60 Mhz. However it failed after approximately 12
must be compensated for by mounting two cavities back to minutes at 80 kV gap voltage at 28% duty cycle. Their
back to get first order cancellation of the magnetic field focuss now is on the assembly and test of the liquid cooled
effect on the beam axis. tuner (281.

VII. STATUS OF TUNERS VIII. CONCLUSIONS

The PETRA II and HERA tuners are in operation at the The development work in the field of operating yttrium
DESY labaratory and although they are having rf problems garnet ferrites in the region beyond the gyromagnetic
with the cavities, the ferrite tuners themselves are resonance has progressed very well. To the best of the
performing very well. The TRIUMF Booster Cavity has author's knowledge, TRIUMF was the first laboratory to
operated in a test stand for several one or two hour intervals operate a fast ac perpendicular biased yttrium garnet ferrite
at a 50 Hz repetition rate to the full design voltage and tuner over such a large frequency swing at high rf power
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levels. Hopefully in the future, ac perpendicular biased All Union Meeting on Particle Accelerators, Dubna,
tuners will become as popular as the now well established D-9-91-235, Vol. 1, p. 172-176, (in Russian).
parallel NiZn ferrite tuners. [13] L.W. Funk et al.. "The 52 MHz RF System for PETRA

II", European Particle Accelerator Conf, vol 2,
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SRF Cavities for Future Applications
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In this paper recent developments and future projects are
discussed.

Abstract

Superconducting cavities are under operation or construc- II. RECENT PROGRESS IN
tion for acceleration of electrons and heavy ions at several CAVITY TECHNOLOGY
laboratories. At present gradients around 5 MV/m, beam
current up to 10 mA and operating experience exceeding A. Niobium material
10,000 h are typical values. The advantage of supercon-
ducting RF is the high cw accelerating gradient, the low Superconducting cavities are produced from sheet mate-

operating cost to establish RF voltage and the favourable rial by electron beam welding. The mass production of
cavity shape for a low loss factor. Ongoing progress in im- Niobium has a high standard in respect to the purity of

proving Niobium material, simplifying design and fabrica- the bulk and the cleanliness of the surface. Considerable
tion, understanding of performance limitations and invest- improvements have been gained in raising the thermal con-

ing cures against field emission promise to increase the op- ductivity by further refinement during the melting pro-

erating gradient at reduced investment costs. High beam cesses. As measure of the (temperature dependent) ther-

current applications are investigated to take advantage of mal conductivity the value of RRR (_Residual Resistance

the small higher order mode impedance. The most chal- Ratio: RaooK/R4.2K) is often quoted. Nb material with

lenging development is the use of superconducting cavities RRR = 300 is available in large quantities, an improve-

for a TeV Linear Collider (TESLA). ment by a factor of ten compared to that ten years ago.

A high thermal conductivity stabilizes excessive heat flux,

I. INTRODUCTION thus increasing the breakdown value of a quench.

A further increase of the thermal conductivity can be

For more than ten years superconducting cavities are un- reached by Ti solid state gettering. The completed cay-

der use in accelerators. At several laboratories different ity is fired for several hours around 1400 'C together with

types of low f cavities operate under routine conditions to some Ti material [4]. This purification process is especially

boost the energy of heavy ions. They produce cw gradi- valuable to heal mistakes during fabrication (e.g. bad vac-

ents above the capability of normalconducting resonators uum in the e-welder). A maximum value of RRR 1000

and work reliable and cost efficient. This paper deals with at a cavity has been reported recently [5].

cavities designed for i3 = 1 applications. A recent review
of low 8 superconducting cavities is given in [1]. B. Cleaning proct-dures

Superconducting cavities are used to accelerate electrons in

linacs (Darmstadt, Frascati, HEPL, JAERI, Saclay) and in Field emission is the main effect in limiting the accelerat-

storage rings (CERN, DESY, KEK). A recirculating linac ing gradient in superconducting cavities. The low AC-loss

with 160 m of superconducting cavities is under construc- of a superconductor makes the cavity sensitive to any addi-

tion at CEBAF [2]. In total about 800 m of superconduct- tional loss mechanism. Another consequence of field emis-

ing resonators are under operation or construction. Several sion is the dark current in linacs. Dust particles (metallic

l05 cavity-hours of operating experience demonstrate the or dielectric) on the surface are the most likely source of

mature character of this technology. Detailes of the expe- field emission although other "irregularities" or intrinsic

rience gained at different laboratories can be found in [31. surface properties cannot be completely excluded. Clean-

Improvements are expected in raising the operating gradi- ing of the surface by chemistry (BCP: Buffered Chemical

ent, lowering fabrication costs and in reliability of auxil- Polish) and thorough rinsing is essential to suppress field

iary equipment (input- and HOM couplers, windows, etc). emission. An automized chemical cleaning facility has been
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_oo U(MV) Pkys. (M\V) P"' (MW)
. NC 81.3 3.4 5.66

SC 55.7 0.25 0.42
Cryogenic (500 W at 4.2 K) 0.15

. .. Tot. 137.0 6.23
NC 137.0 9.65 16.05
SC
Tot. 137.0 9.65 16.05

100. Energy 16.05
0 2 4 6 8 10 saving: -6.23

Eaco [MV/m] 9.82

Figure 3: Measured result of 4 cell cavities (350 MHz) at saving:Figue 3 Meaure reslt f 4 clicaviies4000 h x 9820 KW x 0.15 DM/KWh = 5.9 MDM
acceptance test [13]: (o) average of 19 cavities made from

solid Nb, (o) average of 14 cavities made by sputtered Nb
on Cu Table 1: Operating conditions of the RF system in IfERA

e- in 1992 (upper part). The part below shows the cor-

"* field emitting sites could always be identified with dust responding expenditures without superconducting RF and
particles, gives with the resulting energy savings (NC: Normalcon-

ducting, SC: Superconducting)
"* metallic dust particles emit at lower values of surface

field than dielectric dust,
KEK demonstrates, however, that superconducting ca-

"* there is no big influence of the underlying Nb,,Oy vities work stable and reliable after overcoming difficul-
layer. ties with auxiliary equipment (HOM couplers, cables and

At Wuppertal clean Nb surfaces are investigated. Conclu- connectors, proper synchrotron radiation shielding etc.)
sions are [14]: which, of course, need adequate attention. It is difficult

to give a formula of investment and operating cost saving
"* most field emitting sites could not be identified with which covers any case of application. It also varies in case

dust particles, of new or supplementary installation. The operating con-
ditions of the HERA normal- and superconducting RF sys-

"* very often the field emitting site is near to irregulari- tern is given as example. The upper part of table 1 shows
ties of the surface topology (etching pits?, etc.), the operational data during the 1992 run. The lower part

"* after 14000 C UIIV bake out suface fields up to gives calculated data for the same circumferential voltage

100 MV/in could be achieved reproducibly without but without superconducting cavities.

field emission, B. High current applications
"* field emitters seem to reappear after heating at 600 -

8000C. There is an increasing demand for superconducting cavities
in future accelerators with high beam currents;

It is not prooven, however, that field emission under DC

voltage or RF fields is deter mined by the same processes. 9 reduced cavity-beam interaction by the intrinsic low
RIF heating of a loose particle on the surface might initiate value of the HOM loss factor of a typical supercon-
a thermal field emission. The benefit of HPP and the ob- ducting cavity shape (no nose cones, large iris hole,
vious evaporation of earlier field emitters indicate that for low operating frequency),
surface fields in the range of 20 to 50 MV/in dust particles
might play a dominant role. * high gradient, thus reducing the number of cells

needed (benefit for length and HOM impedance),

III. NEW DEVELOPMENTS * saving of RF installation and operating costs.

A. RF power saving One example of a high current design is the single cell
cavity (500 MHz) developed at Cornell for use in a B-

Saving of RF installation and operating cost by use of factory (CESR B) [16). The principle layout is presented in
superconducting cavities is not a new argument. In the Figure 4. The challenge of this design is the HOM damping
past this issue was often underestimated. Doubts about scheme and the power rating of the input coupler. The
the reliability of superconducting RF accelerating systems higher order modes are damped by a lossy plating at the
prevailed. Operating experience at CERN, DESY and outer end of the beam pipe. This broad band damping
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------ ............ Figure 5: Cross section view of the TESLA 9 cell cavity
--- ---- (1.3 -Hz) [7]

Figure 4: Principle layout of the single cell cavity * low loss factors K11, K 1 to reduce wake fields,
(500 MHz) for use in a B-factory [17]

* high shunt impedance to reduce the refrigerator load,

scheme is supplemented by a type of riged waveguide to * high cell to cell coupling to reduce tolerance sensitiv-
transfer HOM energy below the cut off frequency of the ity,
beam pipe, too. High damping with equivalent Q values
of around 100 could be measured with Cu models [17]. The * low HpeaIkEacc values to suppress local heating,
input coupler consists of a rectangular waveguide with a
coupling slot towards the cavity. First cold measurements * appropriate shaping to avoid trapped modes (with
demonstrated E., = 10 MV/m at Q value of 2 x 109 [18]. fields only in the middle cells thus having no damping

by end cell couplers).

C. High gradient applications The elements of the cavity shape (iris 0, curvature of equa-

Superconducting cavities have been proposed for linear col- tor and iris boundary) have different or even contradictory

liders since some time [19]. An international collaboration consequences to the above mentioned properties. There is

has been formed to work on the design of TESLA (20] no unique cavity design with the exception of a rounded

(TeV Superconducting Linear Accelerator) and to build a (circular or elliptical) equator region to avoid multipact-

test facility [7]. Superconducting cavities allow storage of ing. Figure 5 shows the shape of the TESLA cavity. A

RF energy in a very efficient way. As consequence long number of 9 cells per cavity has been choosen. More cells

RF pulses can be established at low frequencies (large ca- are desirable for economy reasons and might be possible.

vities). The benefits for a linear collider are: But sufficient HOM damping and avoiding trapped modes
do not recommend an increase of this number without fur-

"* low cavit, loss factor, thus very relaxed alignment and ther detailed and time consuming studies. The low value
vibration tolerances, of Epeak/Eacc = 2 is important to succeed in suppression

"* long bunch to bunch distance, of field emission.
The existence of trapped modes can be explained by a field

"* moderate RF peak power demand, flatness problem due to heavily detuned end cells (which

In order to reduce the total costs of TESLA substantial are compensated for the fundamental mode). One way
improvements are needed as compared to the state of the to overcome this problem is to detune the end cells even

more but in an asymmetric way. Detuning one end cell
sufficiently more than the other one results in a tilted field

"* the investment costs of about 400 kDM/1 active m profile. As consequence one of the HOM couplers at each

(HERA SRF), have to be reduced by a factor of about end of the cavity damps very effectively. Measurements on
four, three 9 cell Cu cavities with these asymmetric end cells

confirmed this idea [21]. It could be demonstrated, too,
"• the operating gradient has to be raised above that the fundamental mode field pattern is undistorted by

20 MV/m. proper compensation.

In the following paragraphs ongoing and planned R & D At gradients of some 20 MV/m the cavity contour will be
effort is described, deformed and the resonant frequency is shifted by a notice-

able value. This is due to the Lorentz force action of the

1) Cavity: The shape of the cavity has to be opti- electromagnetic fields to the surface currents. The iris re-

mized in respect to gion is bent inwards, the equator region is bent outwards,
both result in a lower resonant frequency. Experimen-

* low value of Epeak/Eace to suppress field emission, tal values of 4 Hz per (MV/m) 2 have been reported [18].
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FEM analysis of the 1.3 Gllz TESLA cavity (wall thick- E
ness 2.8 mi) predicts about 1000 llz shift at 25 \MV/In
[22]. This value has to be compared to the loaded band-
width of 330 Hz. Tfie proposed stiffening ring at the iris
(see Figure 5) reduces the effect to 300 lIz, further reduc-
tion requires expensive stiffening schemes at the equator.
Modulation of frequency and phase of the RF drive during
filling the cavity has been proposed to reduce amplitude
and phase variation during the beam pulse to an accept-
able value [23].

A naive interpretation of the Brillouin diagram conciudes
that the slope and thus the group velocity of the ,r-mode C
is zero. It was investigated whether the energy withdrawn
by one bunch can be restored within the 1 ps bunchdis-
tance in the 9 cell standing wave cavity. The transient Figure 6: Cross section of the TESLA crystat: A: cavity,
behaviour of a coupled resonator model was investigated B:LIle vessel, C: input coupler, D: suction line, E:radiation
by applying the Laplace transformation [21]. The result shields, F: vacuum vessel.
is that the field can be reestablished in each cell but that
there are amplitude oscillations at the 10-3 level. This
can be understood as beating patterns of the non-7r mode [4] P. Kneisel, Journal of Less Common Metals, page 139,

excitations. The distortion of the energy resolution of the 179 (1988)
beam by this statistic effect needs more investigation. [5] P. Kneisel, CEBAF private communication

2) Cryostat: Most savings in the linac costs can be [6] B. Bonin, private communication

gained by substantial improvements of the cryostat design. [7] TESLA-Report 93-01 (Available from DESY)

The present layout shows warm-cold transitions every few
cavities, expensive distribution boxes and separate transfer [8] Ph. Bernard et al., Proc. of the 5'h Workshop on RF

lines. In the TESLA design a cavity string of 1700 m is Superconductivity, Vol. 1, page 487 (1992)

cooled by one 10 kW, 1.8 K refrigerator. A 300 mm 0 [9) II. Padamsee et al., Proc. of the 1991 PAC, page 2420

suction line pumps the whole string to 1.8 K and is the
mechanical support of the cavities at the same time. One [10] J.H. Graber, Cornell, Dissertation, May 1993
integrated valve box every 144 m supplies LHe to the cavi-
ties. The smallest assembly unit is 12 m long, containing [11] Q.S. Shu et al., Cornell CLNS-90/1005

8 cavities and one superconducting quadrupole. Figure 6 [12] C. Benvenuti, ibid. ref. 8, page 189
shows a cross section of the present layout. Each cavity
is surrounded by its own He-tank; couplers and flanges [13] G. Cavallari et al., this conference

are placed outside the LHe. Slow tuning is done by a [14] E. Mahner et al., Applied Surface Science 67 pp. 23 -

motor and gear box at cold temperatures. A coaxial input 28 (1993)
coupler penetrates the vacuum vessel every 1.3 m. The
power rating of the coupler is 200 kW beam power (1.5 ms) [15] M. Jimenez et al., DAPNIA/SEA 02/93, Saclay
and up to 1 MW, 500 ps for in situ HPP.

[16] CESR-B, "Conceptual Design", CLNS 91-1050

ACKNOWLEDGEMENTS [17] J. Kirchgessner et al., Proc. of the 1992 Linac Con-
ference, Ottawa (1992)

The fruitful discussions and the fast exchange of experience [18] H. Padamsee, private communication
with my colleagues from CEBAF, CERN, Cornell, DESY,

Saclay and Wuppertal is gratefully acknowledged. [19] M. Tigner, Nuovo Cimento 37 (1965) page 1228

[20] H. Padamsee, editor. Proc. of the 1" TESLA Work-

REFERENCES shop, CLNS Report No. 90-1029 (1990)

[1] W. Weingarten, Proc. XV h International Conference [211 J. Sekutowicz, DESY, private communication

on High Energy Accelerators, page 678 [22] II. Kaiser, DESY, private communication

[2] A. Hutton, this conference [23) H. Henke, B. Littmann TESLA Report 93-12 (Avail-
able from DESY)

[3] F. Dylla, this conference

762



Preparation and Testing of a Superconducting Cavity for CESR-B*

D. Moffat, P. Barnes, J. Kirchgessner, H. Padamsee, J. Sears
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853-5001

Abstract 0660492-028

A 500 MHz niobium cavity was delivered to Cornell in
January, 1992.t The key features of the cavity design are a
large, i.e. 24 cm diameter, circular beam tube which allows all
but two of the higher-order modes (HOM's) to propagate away
from the cavity, a "fluted" beam tube which allows the
remaining HOM's to propagate, and a waveguide fundamental
input coupler [1]. The cavity was tested vertically in the as-
received condition and almost achieved the design criteria.
After this initial test the cavity was etched, rinsed and dried,
and tested again. Modest helium processing enabled the cavity
to exceed the design criteria of Eacc = 10 MeV/m and
Qo = 109. No indication of multipacting was observed in
any of the tests. Several warm-up/cool-down cycles have been
made. A cool-down procedure which avoids the "Q-virus"
problem has been identified.

I. INTRODUCTION

The first Cornell B-factory cavity is shown in Figure 1.
The large beam tubes serve as higher order mode (HOM)
couplers, allowing the HOM's to propagate to the HOM loads
which are outside the cryostat [2]. The CESR-B design calls
for each cavity to operate at an accelerating gradient of
10 MeV/m (25 MV/m peak surface field). To provide the
necessary acceleration in CESR-B, 400 kW of RF power must
flow through a room temperature window [3] and through the
coupler. A waveguide, rather than coaxial, coupler was chosen
because of the lower power densities and the relative ease of
cooling the surfaces subjected to high fields [1].

Several vertical tests have been made to date. Two
adjustable coxaial couplers were available for power input for
these tests; both could achieve critical coupling. The coupler Figure 1. The 500 MHz cavity prepared for vertical testing.

most often used was the one in the resonant waveguide H. TESTING WITH A FAST COOL-DOWN
shorting hat. Two more fixed couplers were used to monitor
the cavity fields. Four titanium rods attached to the endplates The cavity received its initial chemical treatments at
braced the cavity against collapse while it was evacuated. Dornier. Approximately 90 gm of the cavity surface was
Several thermometers were affixed to the cavity and X- removed from the component parts prior to final welding.
radiation was monitored directly above the dewar. Our standard After welding, an additional 15 ;Lm was removed from the
cool-down procedure took the cavity from room temperature to inside surface using 112 BCP at 15-200C. The cavity was
4.2K in a couple of hours. After several tests with this cool- vacuum dried, sealed in a class 100,000 room with ambient
down procedure, several slower cool-downs were tried in an air, and shipped to Cornell. Upon receipt at Cornell the cavity
attempt to identify our susceptibility to the "Q-virus". All was rinsed with methanol sprayed at -40 psi, dried in a class
tests were performed at 4.2K. 100 clean room and sealed for testing.

The results of the first test are shown in Figure 2. No
helium processing was used, although a small cold leak

r sdeveloped during testing. It is remarkable that the performance
Work supported by the NSF and the US-Japan collaboration of the cavity was so close to the design goal. Processable

SThe cavity wus fabricated by Dornier GmbH. The RRR of the breakdown began at 2 MeV/m. This was later found to be
niobium used was -240.
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Figure 2. Qo vs Eacc for the first cavity test. The caivity Figure 4. Qo vs Eacc after modest helium processing.
received only a methanol rinse following shipment.

The cavity performed quite well after this acid treatment.
caused by field emission heating of the coupler tongue. The Figure 3 shows the efficacy of RF processing. After two
coupler tongue had been hollowed to admit liquid helium for attempts at RF processing, a small amount of helium was
cooling. When tested vertically, heating of the tongue caused admitted to the cavity. Helium processing enabled us to
a gas pocket to form. The addition of a snorkel allowed the exceed the design criteria, as shown in Figure 4. The effect of
gas to vent and this problem was eliminated in all subsequent radiation pressure on the CW resonance frequency, f, is shown
te'sts. in Figure 5. The input coupling was fixed at high fields at

After the first test it was found that the waveguide indium Qext - 109. As the field was slowly lowered data were taken,
seal was leaking. This was because the flanges were 0.030"- portraying a parabolic dependence of f on Eaec. The field was
-0.060" (0.76-1.52 mm) thinner than specified and the flange increased again and then immediately lowered, yielding the two
clamps, therefore, could not apply sufficient pressure to filled data points in Figure 5. The change in f shown in
compress the indium (shims were used in subsequent tests). Figure 5 corresponds to a pressure change of less than 2 torr.
The cavity was then disassembled for etching. Before etching, 2830593-004

the external Q of the coupler was measured to be 1.75 x 105. 0

The design value was 2 x 105. -50
The cavity was etched with 112 BCP. Four etch cycles of 100

four minutes each were used to remove a total of -32 gim.
(Only the inside of the cavity is etched with our new etching - -150
facility.) Unfortunately, our acid thermometry was not -
properly calibrated so the temperature of the acid is unknown.

4-, -250

1010 2830593-002 300

-350
Qo 0 1 2 3 4 5 6 7 8 9 10

100

Figure 5. Effect of radiation pressure on the CW resonance
frequency. The input coupling was fixed at
Qext = 109.

10_8_ ........... III. EFFECT OF COOL-DOWN RATE

0 1 2 3 4 5 6 7 8 9 10 In the RF superconductivity literature there have been
Eacc (MeV/m) numerous references to the "Q-virus" (see [4] for the most

recent summary of outbreaks and causes). The indication that
Figure 3. Qo vs Eacc for the cavity test after etching. RF a cavity is "infected" with this "virus" is that cooling the

processing only. The field was increased twice. cavity quickly yields high Q, values, while slow cooling
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yields Q values an order of magnitude lower. A series of tests 10 2830593-006
was performed in order to understand the extent to which this 10

cavity was affected. 130K hold
With the cavity installed in its cryostat, an overall cool- A Fast cool

down rate of -10K/hr is anticipated. For deleterious Q effects, Qo 160K hold
the sensitive temperature region during cooling is between
170K and 77K. Cooling at 10K/hr would keep the cavity in 109
this danger zone for 10 hours. A uniform cool-down was
approximated by quickly cooling the cavity to a temperature in
the danger zone, holding it at that temperature for -10 hours,
and then quickly cooling it to 4.2K.

Our first attempt involved holding the cavity at -130K. It
was found that the low field Qo had degraded to 109. 108

Because of the uncertainty of the acid temperature during 0 1 2 3 4 5 6 7 8 9 10 11 12
the preceeding etch, it was decided to etch the cavity again, Eacc (MeV/m)
this time paying particular attention to the acid temperature.
A total of -6 gtm was removed in two cycles. The acid Figure 7. Q0 vs Eacc for the cool-downs shown in Figure 6.
temperature never exceeded 17'C.

The cooling curves of the next three cool-down tests are experience at DESY is that 150K is the critical temperature for
shown in Figure 6. Type E thermocouples were attached to the "Q-virus" [5]. We left a margin for error and held the
the top and bottom flanges of the cavity for temperature cavity at 160K for the last test. As shown in Figure 7, the
measurement. The tests were performed in the following cavity performance was equivalent to that after a fast cool.
order: slow cool with a 130K hold; fast cool; slow cool
with a 160K hold. The cavity was warmed to room IV. SUMMARY
temperature between each test. It should be noted that during
the fast cool-down the temperature difference between the top The Cornell B-factory cavity performed quite well "right
and bottom flanges could be as high as 140K. out of the box." After brief helium processing the cavity

2830593-005 exceeded the design goals of Qo = 109 at Eacc = 10 MeV/m.
300 , .. •,...•.• . .,•, .•w• . Tests of sensitivity to cool-down rate showed that a slow

.. 270 cool-down with a hold at 130K lowered the Qo values at all

240 fields by a factor of --6. Holding at 160K did not adve. sely
affect cavity performance. For the future beam line tests the

210 cryostat will be cooled slowly to 160K and then cooled

180 quickly to 4.2K. Helium processing is not anticipated because
CL of the availability of RF power sufficient to process the

150 -- cavity.
S120S90 
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High Power Operation of a. Single-cell 352 MHz
Cavity for the Advanced Photon Source (APS)*

.J. F. Bridges, Y. WV Kang, RI. L. IKustoml, 1K PrijindAl
Advanced Photon Sotuce

Argonne National Laboratory
Argonne, IL 60439 USA

Abstract correct. frequency. This tuner has less effect oifi th, higher
order modes.

The single-cell 352 Mllz cavity for time APS 7-Gev

positron storage ring has been tested up to one Mega.- After time higher order modes (IIONI ) were nionsgired its-
volt, gal) voltage at, 10i0 kM Therinal ineasurenients were ing low power of alboiit. one niilliwam~ [21, the cavitY 11as
recordledl to ensur-e ade(1iiat~e cooling. Higher Order Modes evacuiated and high power was applied to variliiini 111*
were daliupwd uising both1 voltage and current coupled t ion the surfaces. Th'le cavity was itol baked "In ItVWa f
dIamp1ers. [Tie damplers have less thani 2tlie fuiidenment-aI oven (lurinig fabrication as is the usuial procedliire.
mode. Stagger tuniming of dime htigher miodes has been (lone
by slightly varying the length of each cavit~y t~o shift. themn
apjart. ill order to mininmize their effect, oin inimlti-bimicl, ill-

stabilitfies.

1. INTRODUCTION

The p~rototyp'le all-copper cavit~y for thme APS storage ring
has beeni powered t~o the nominial powers of 32 kW (7GC.eV),E3E
50 kM (7.5 G~eV) andl time enginerring design goal of 100
kWN. For thie nmeasured shmiit. resistanice of 5 Megolinis, 100
kV are requiired for one Mega..

Thle accelerating cavity shape is hasically spherical wvith
a romiined, slightly reentrant. beani pipe (see, Figure 1).
'I'liis shape is (lerived fronm the program UTRII EL, anid is
optimized for highest. shunt. resistance or maximumn voltage

Thle cavity is ma~de fromt thIree pieces of solid cop~per
bolted together with alt 0-ring vacuum seal. To do rf test.-
ing, a vacuum of about. t0-8 Torr wihiout rf power is ade-

(Iliate. With this arrantgement, the cavity could be taken
apart. anid thme inside shape modlified for frequiency tuning
and1(/or shunt. imnpedlance adIjustmient~s. The APS cavities
will he e-beani welded at. these joints t~o have a vacimiu of
10 10 for storilig positronis.

The lprodluct~ioii cavities For t lie storage ring will be bmi i I
withI a spread inl leitgthI aloiig thle beami axis by (0.3 minii per
cav~ity or ±3 miill over the twenty cavities. This will spread
Ohe higher order umodes and t hereby reduce cavity-buinch ;T +

imstabilities [iJ. Th'le funldenm elltal (accelerating) l'requeuicy
is iiot shifted t~o first. ordler since thie increased miagiietic
fei Id stored il thie longer volu ne is cancelled by the re-
duiction inl stored electric energy at. acceleratring gap). Thle
fiindrinent al mnode is re-tuned by tihe piston tunier to the

*Work mupported by* thme U. S. Deparmient, of Energy. Office of
HBasic Sciences. under the C'ontract WV-3I-Iii9-EN(.-38- Figure 1. Storage- fling Cavity
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11. INITAL HIGH POWER OPERATION Figure 2. Control Sereeui Showing 90.4 kW Power-

Into Cavity (numbhers at left matrgint)

Sinice t he cavity was bouight. as thbree miachined copper
pieces,. we OIiiiira~l ,v I Owel i iiisiili, qsurfaces at),] stored
them iii (Iry nitrogen before assem~bly. WVe have no0 ovents 7 920:70
for vacutuim bakinig aid so relied only oin rf heating of the
siu faces for o t~gassiiig. 5 ~mc

MIitch outgassioig occtirredl between 3 and 15 k'tV, hut.
above 20) kV, mostly smtall glowing copper p~oin~ts mid( inl- - '" I
terinittetit spark flashes were seent. TIhe vactimln before M- Stft.
applIyinig rf p~owe~r was about.t : x Ito 'i,. but. after severalI R-W ,_____________

hotirs of running even at powe'trs around 10 kM it. dropped-7.6
into the 10-~8 range. Dinring rf conuditioning, the vacuutm - na 8

-i 79.56 do59.91 do-19.6 4.2e-07
wi.as kept at. about. 5 x 10-', with excursions, tip to 10`5ft .- .. ; - a.-

each timue (,the power level was iuicreased. Thlis wvouild fall 90.361 R. 0.979 116 *120 C.0 0t0 0. 00+00

back t~o 5 X 1to-' inl about a. half-htour.
We rant the cavity int~ermuitltaiutly over a three-month pe- -0.02

rioul before reaching the 1001 kIN p~ower goal. We had I-le F____________ 0.04

usual occasiomial problems with variouis equipmient. coim- -A-.m_ý %

prising the test stand. Bit. we dIid have all oil-goinig I rob- -e0 u+2.0

lemi duirinig this t~ime with breaking tlie ceramiuc vacituuul 'b- M. 1 M

seal located ill thle wavegiuide. 104. +

4 . 72S

Ill. DRIVE LOOP A~L-&0.

We were uisinig a. couplinug loop dlevelopedl at. ('FRN aiid
used inl the 5-cell cavities at, [Fl and also at. ESHF. So
this, is a. proveii design, well tested alt both labs. TIhere is
a cvliiidrical ceramic vacuuiii seal around t he lvaveguidle-
Ito-lpost. transitiont which is connected to a short. leingth of
coax, ilist. loug eumoimgl to reach to tlhe inside wall of thle
cavityv at whiichI a copper bar formus a loop bet~ween (the
cent Pr 1an1d oliter coniduct-ors. Figure 3. Cavity Te~mperatures (olegrveus F)

lhuriuig t he comiuit iotihig. three of the ceraminc vacmiiui
wiuidows broke; t~wo at. power levels below 20 kW and onue
at. the 100 k1V level. T[he first two we attributed to a. corn- May 27, 1992 09: 16:32
hiiiat.ioui of mit~gassing/arcinig and mechanical stress fronm a
misaligned wavegmidi~e flange which bolts, t~o the loop. The 1INIL 64
Iluirdh was uisedl for several weeks (probably 20 t~o 30 hotirs ELI 234 3.1 144

t~ot-al mimruing time) at. the 60) k IN level and so we coni-
chided no nmore ceraimic problems would be encount~ered. ELT 63 =I 7
Ilowever, after p(.weriiug the~ ca~vity at. 80 kWN (see Figulre 2 L 15Ut
for t bie Coliil~iltV.e conitrol diagram of typical operation) for 10 15 VO M 8
aluoit. an houor and at l100 kMN for I5 minutes. file cera muic EL 8* 5 L 4 5K 0 2 .didl break. 18I 2 9/ ' 0 9

Similar ~~~~ ~LP cermi falrsha0ocrrdeswhr se.1 84 s
Siia eaicfiue ae ctre lswee(e.68 t j 62

for exampille [3]). We were uinder a time constraint at that IL3 I.S 69 W 86 J3cmu
lttiie, amid kimowhigly were puishing t~o reach the dlesign goal 2 10 X6S 9 4 '--4 168Is
of onue hMegavolt. onl the accelerating gap). I estimate the x.7 94 M
t~ota~l time the cavity was a ctiually powered before it reached U-S 155MO 17L
stable operation was over 100 hours. As a comiparison. thle U.D 69 5
5-cell LEP cavities for thle Booster Synichrotron take about,
12 hiours of conditioning to reach 20 kMN with only a few EL4 170 =4 207
houirs more t~o reach I100 kWN operation. 1Prestimiably this 5O3s
fast, rf couidit ioiiing is due to the 151) degree C' vacmiiuu
treat. iment. at. thme factory.
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After consult~iiig with both the designers and users [4] V. TiiERMAL STUDIES
of these loop couplers, we concluded we coiditioned the
cavity too fast. and at vacuitim levels higher than appropri- Greater tian expected temperatures, especially at tIle
ate. We the'ii iisd a fomtir', loop and powered the cavit.y large ports of the perimeter, wvere evidett At II0t) kW iii-
keepinhg the, varlUm at 2 X It)1-, with ilhe vacimiun trip level pit, the m1axihu1ii t..11mperatllre of thle crpper waS I 1",
set at. 10-). We also added more iiniform air coolitg for at. 75 kW, a maxiniim of 165'F'. T'Ilitro'-coipbls mu.ar
the ceramic and monitored the ceraiiic heating using two the nose cone recorded the lowest temnperatiir,.q (R2' F" atid
infra-red temperature ineters, one on each side, to convince 81OF respectively) with a positive gradiefln radially * til-
ourselves that the cooling was uniform. Again, we emplia- ward to the high temperatures at Ilhe ports. (S,,e Figlire 3.)
size that. this prototype cavity was not vacuum baked at. The 75 kW case has been studied analytically, wit It results
I.50tC a.mid we tised only rf power for conditioning the stir- indicating a maximum of 280C (- 820 !") above Ihe 'o(,I-
faces. ing water t.emlperah.ire, or approximaleiy 380(' ( : I 1(00 0).

can be expected. 'These high teiiiperattires were at Iribititl
IV. Long-term Ifigh Power Operation t.o poor brazing of cooling tuimbes and port heat i ig ,l,' t,,

greater resistivity of stainless steel.

We tdiei' powered the cavity For ahout. 1000 hotirs over We decided that, nose cone cooling was sillic,'it, bitt
tliene 1xt f'w n1outhis, niostl.v between 80) amid 100 kM power port cooling was ntof sulffcient. Prodimctioii cavilits. will
levels. As olher compoineut.s were added t.o or removed incorporate greater water cooling surface area. iwiiv, d
from the cavity, the re-comditiomming time was typically 4 brazing techmiques. amd copper plaling of the i lside stir-
to 6 hours after vacunii piiiping started. For starting faces of the stainless steel port. flanges. Sn h upplei l cii -
with the vacuumix intact., a half-hour was tylpical. ing of vaciuui Ilanges was added. The final cooling schiiiw

For storage riig operation, there will be four groups of is shown in Figure 1.
fIour cavities, each group powered by one oine-Megawalt. VI. F;UTUtLRE |>LANS
klystron. For typical operation at. 7 (.,eV (beani cU-rent. of
300 ImiA) amd 9t.5 NIV per tnrui, each cavity will operate at. The first production cavity will he factory tested ;it
just mider 6tlt) kV/32 kW: for 7.5 (Gev (biit beam reduced Sielimelns for frequenlcy in .ime. theti will be, assedldl,.
to 200 it)A) aid 12 NIV per turn, each cavity will tin at. 750 baked, and leak-checked with d(eliverv sclhidl, f' ';,r 11idl-
kV/)50 k%%. These are hlie two specified cavity operating .111lv. After full power t.estiing at Argoomwm we will ,,-il,
poitiis ii I lte A PS Design Specification. if we want. any mimodilicalions and I lien t ho full pr),l,.I it ,

Ifotie grottp is itot. operatioial, only 3 NIMW will be avail- rii of t.weitly will start. iii the f;all. The I,,t. cavities an, I
able. hi Ihis case, by increasing I Ihe gap voltage to I MIV. be delivered in Jume. 1994.
tfit, 12 NIV per turin and 200 mA beam current. caii still he
inainl ailed.
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Shuntresistance 5.60 Ma thc 1991 IEEE Payttelf Accralnrtor ('onfrrrtuc,'. Sat,
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Development of Crab Cavity for CESR-B*

K. Akai**, J. Kirchgessner, D. Moffat, H. Padamsee, J. Sears and M. Tigner

Laboratory ol Nuclear Studies, Cornell University
Ithaca, NY 14853 U.S.A.

Abstract reported our design of crab cavity in detail in ref. 16], here we
In order to realize the crab crossing scheme desired for B- will give a brief summary of the design in section 11. Results

factories, we designed single cell superconducting crab cavities of measurements of model cavities are described in section III.
operating in TMl 10 mode. A coaxial beam pipe was attached
to damp dangerous monopole and dipole parasitic modes. We II. DESIGN OF THE CRAB CAVITY
designed two kinds of cell shape depending on the method to
cure unwanted polarization of TM 110 mode; one is a round Our design is to operate the cavity in TM 110 mode since
cell which will be slightly polarized and the other is an this mode has high transverse shunt impedance, R*IQ. As for
extremely polarized (squashed) cell. We made one-third scale the damping of higher order modes, we adopted the beam pipe
copper/Juminum model cavities to check damping property. coupling scheme. In this scheme, higher order modes
Q values of all dangerous monopole and dipole modes are
damped to less than the order of 100, as was expected by absorbing material attached on the beam pipe. However, since
calculations. We also measured one-third scale niobium model the TM 110 is not the lowest frequency mode, there are some
cavity in liquid helium. Design goals of field and Q value to modes whose frequency is lower than or about the same as
provide necessary kick voltage for CESR-B were achieved this mode. Four unwanted parasitic modes remain trapped in
successfully. These results show that our design of the crab the cavity region with high Q even if a beam pipe with a large
cavity is promising to realize the crab crossing. radius is attached. Those are TM010 monopole mode, two

polarizations of TEl 11 dipole mode and unwanted polarization
I. INTRODUCTION of TM I 10 mode.

In order to solve this problem we attached a coaxial beam
In order to attain the luminosity of 3x10 33 - 1034 cm- pipe at one side of the cavity cell (Figure 1). In a coaxial

2S-1 required for B-factories, a finite angle crossing scheme is transmission line there is no cut-off frequency for TEM mode
the most desirable method to avoid parasitic collisions and to waves, but there is a cut-off frequency for dipole modes. By
minimize synchrotron radiation generated near interaction attaching a coaxial beam pipe to the crab cavity, all monopole
point (IP). Experiences concerning storage rings with a finite modes in the cavity can couple to the coaxial beam pipe as a
angle crossing have shown, however, lower beam-beam limits TEM mode wave and propagate. In addition, all dipole modes
due to synchrotron-betatron coupling resonances [1,2}. In order in the cavity can couple to the coaxial beam pipe as a dipole
to overcome this problem, the crab crossing scheme has been mode wave and propagate if the frequency is higher than the
invented by Palmer [3] for linear colliders and by Oide and cut-off. By designing a cell shape such that f(TE I Il)>f(cut
Yokoya (4] for storage rings. In the crab crossing scheme, off)>f(TM 110), it is possible to make all monopole and dipole
bunches are tilted by a time dependent transverse kick in RF modes except the TMI 10 mode in the cavity to propagate
deflectors located before the IP in each ring and thereby collide down the coaxial beam pipe. We chose the outer and inner
essentially head-on. This tilt is kicked back to the original radii so that it has a cut-off frequency of 600 MHz, which
orientation in another deflector after the IP. makes the attenuation for the crabbing mode 60 dB/m.

Necessary deflecting voltages for the 8 GeV (HER) and One dipole parasitic mode still left trapped in the cavity
3.5 GeV (LER) rings of CESR-B are 1.8 MV and 0.8 MV, is the unwanted polarization of TMI 10 mode. Since this mode
respectively [5]. Multibunch instabilities should be taken care has high transverse shunt impedance, it has to be cured. We
of also in the crab cavities, as well as in accelerating cavities designed two types of cell shape depending on the method to
for B-factories. Q values of dangerous parasitic modes should cure this mode; one i a round cell tl.at will be slightly
be sufficiently lowered to typically the order of 100. Since the polarized and the otl: is an extremely polarized cell
deflecting mode used for the crabbing is not the lowest ("squashed cell"). In the squashed cell by having a cross
frequency mode, special attention is required for damping section of the cavity cell to be an ellipse or race-track shape
parasitic modes, as will be described in a later section. with a large eccentricity, we can make the frequency of the

We designed single cell superconducting crab cavities to unwanted TMI 10 mode to be above the cut-off of the dipole
realize the crio crossing for CESR-B. Since we previously mode wave in the coaxial beam pipe. Computational studies
*Supported by the National Science Foundation with to optimize the cell shape of the round cell and the squashed
supplementary support from the US-Japan collaboration, cell have been carried out. Finally selected design of the
** present address: KEK, 1-1. Oho. Tsukuba, Ibaraki. 305 Japan squashed cell is shown in Figure 2.
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Asymmetry due to machining inaccuracies or is less than half of the surface peak field on the cell. Thus
misalignment of the coaxial beam pipe may cause a part of TM010 is damped to below 1(00 wil.h a mioderate penetration
energy of the crabbing mode to couple to the coaxial beam of the inner conductor.
pipe as a TEM mode wave, which propagates down the coaxial
beam pipe without attenuation and increases the power 10oo0o 0 .00- -1--- -

dissipation at the absorber. In order to avoid this, a notch filter
is attached on the coaxial beam pipe to reject the TEM-coupled '0o
crabbing mode back to the cavity. ,0000

10 1000 oe

Absorbing Absorbing o -•

material Notch filter material * 5-kOo SEA 3)4,
,bsor~~~ 

f tm-uen V (M H,) SAIH16
1 0 A (r"t uency (MHi)-SOAVISH

_ _V _ 0 - - -¶0

10-80 0 -40 -20 20

Coaxial beam pipe penetration of the inner conductor (mm)

Cooling for

inner conductor
Figure 3. Damping of TM010 mode in the crab cavity

with the coaxial beam pipe.
Figure 1. The crab cavity with a coaxial beam pipe.

Then we fixed the penetration there and measured all
parasitic modes up to 4 GHz. Measurement was done with
both of the round cell and the squashed cell. Figure 4 shows
frequency spectrum of the squashed cell without the coaxial

Cross Section beam pipe and ferrite absorbers (4a) and with them attached
(4b). As was expected with MAFIA calculations, all the

Sdangerous monopole and dipole modes including the unwanted
S1 25 polarization of the crabbing mode are damped to less than the

125 oorder of 100. One mode observed at 2.6 GHz with high Q is a
0o ___ quadrupole-like TEI-I-I mode. (For the squashed cell we use

- - -rectanguler coordinate notation as TE or TM x-y-z rather tban
RO R20 -_ cylindrical notation as TE or TM orz.) Since the beam-cavity

coupling of a quadrupole mode is quite small, it is probably
- not necessary to damp this mode significantly. Using a

\ - conventional higher order mode coupler at the same time, thismode can be damped to 103 or 104 , which is probably safe.
Figure 2. Squashed cell design of the crab cavity. Frequency spectrum of the round cell was found to be

essentially the same as that of the squashed cell except the

III. MODEL MEASUREMENTS unwanted polarization of the crabbing mode.
Next we studied effects of the inner conductor on the

A. Damping property crabbing mode. It can be seen in Figure 4b that the crabbing

In order to confirm damping property and to study effects mode has high Q in the presence of the coaxial beam pipe.
The effect of misalignment of the inner conductor with respectof a coaxial beam pipe on the crabbing mode, we made one-

third scale (L band) model cavities of round cell of copper and to the outer conductor on the crabbing mode was measured

squashed cell of alminum with a coaxial beam pipe and fcrritc with the copper model. Loaded Q is almost the same as

absorbers attached. without the coaxial beam pipe when the inner conductor is

First of all, we attached the coaxial beam pipe and ferrite aligned with the accuracy of I mm. This means that the
absorbers to the round cell cavity, changing the penetration external Q for the coaxial beam pipe is at least the order oflength of the inner conductor of the coaxial beam pipe into the 105 with such an alignment because the intrinsic Q is 23000cell. Figure 3 shows the loaded Q of the most dangerous for this copper cavity. The notch filter assures an additional 50cellladd f t of the pangetraion dB more reduction that makes the external Q more than 1010.
parasitic mode is as a belo n of the penetration Since this is a result of one-third scale model, we can expect
length. Q value is damped to below 100 when the penetration the alignment tolerance of about 3 mm for the full scale
is 0 mm. With this penetration length calculated surface peak c
field at the tip of the inner conductor of the coaxial beam pipe cavty, which can be achieved easily.
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B. Iligh Field Perft)rmatnie
C,,, 6,, ,. I all "o .. 40 we Necessary kick voltage for the crabbing is 1.X MV

- - -corresponding to the surface peak field of 20 MV/m. Present
,__technology of superconducting accelerating cavities has shown

-- a., that the surface peak field of 20 MV/m corresponding to the
, waccelerating gradient of about 10 MV/m can be obtained

'' -without serious difficulties. For the crab cavity it is still
crucial to check high field performances because our design of

(a) - the crab cavity has several new features such as the coaxial
S/ beanm pipe and the notch filter on the beam pipe which are not

present in accelerating cavities and might cause some

.1 limitation to the field due to multipacting.
We made an one-third scale niobium model of round cell

cavity, coaxial beam pipe and notch filter. Figure 5 shows the
system mounted on a test stand. It was cooled down to 1.5 K

: in liquid helium and measured in TM 110 mode at 1.5 GHz. At
A surface peak field of I MV/m multipacting was encountered

(b)i-- which is considered to occur at the coaxial beam pipe. This
- - - was processed away in an hour with RF processing. Figure 6

II [shows Q value versus peak field curve of this measurement.
1 0TA0T 1. 0oo 0oo StOP 4. 000 000 000 Co . The maximum surface peak field we reached was 25 MV/m,

where field emission occured. We achieved the design goals of
Figure 4. Frequency spectrum from I to 4 GHz measured in field and Q value to provide necessary kick voltage for CESR-
the squashed crab cavity, (a) without the inner conductor of the B (1.8 MV/m for HER and 0.8 MV/m for LER).
coaxial beam pipe and ferrite absorbers and (b) with them Iol
attached. Some of the peaks are identified as corresponding
resonances in a rectanguler cavity.

F' Qo-

09 mumm U * * *

1.83 MV kick (HER)

10' 1 ' ,
0 10 20 30

E, peak (MV/m)

Figure 6. Surface peak field versus Q curve.
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A NEW 3-D ELECTROMAGNETIC SOLVER FOR THE DESIGN OF
ARBITRARILY SHAPED ACCELERATING CAVITIES*
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Abstract

We present a new algorithm well suited for the modal analysis of using the BIM.
of arbitrarily shaped cavities filled with a lossless, isotropic and To overcome this drawback we follow a somewhat different
homogeneous medium. The electric-wall condition is enforced on approach, that constitutes the 3-D extension of an algorithm de-
the field produced by an unknown current sheet, distributed over veloped for the modal analysis of arbitrarily shaped waveguides
the cavity wall, and the resulting Electric Field Integral Equation [31. We consider the unknown current J radiating, rather than in
(EFIE) is solved using the method of the moments (MM). free space, inside a spherical volume fl including V and bounded
Thanks to the special form of the kernel of the EFIE, the alge- by an electric wall (see Fig. 1). This is possible because, when J
braic problem can be rearranged to yield tie resonating frequen- corresponds to one of the Jr, the field outside V is zero, and
cies and the associated currents as eigenvalues and eigenvectors therefore it does no matter what boundary condition we impose
of a standard linear eigenvalue problem. The algorithm yields all on the exterior field. As shown in 141, the electric field inside Q
resonances up to the maximum frequency of interest by a single due to the current sheet J can be expressed as the sum of two
evaluation of the MM matrices. For this reason CPU times are quasi-static contributions plus a high frequency correction:
reasonably short, even in finding many resonances of quite com-
plicated cavities. The cavity shape is modelled using triangular o rG(
patches and the code is interfaced with a commercial mechanical E(r) - g(,r') - dS' - jlk qs(r,r') • J(r') dS' -

CAD. fr
1. INTRODUCTION -jlk 3 1 2 en, 2 ( 'em(r')- J(r') dS' (I)

The availability of accurate and efficient computer codes to de- m= k (k-k)S

termine the resonances of arbitrarily shaped cavities is of great
importance in the design of interaction structures for particle ac-
celerators. Commercial codes for 3-D structures (MAFIA, where k=oW-f'J_, ai=4i, o is the surface charge density (related
ARGUS, etc.) are usually based on Finite Element or Finite to J by the continuity condition) and g(r,r'), G(r,r'), em(r') are
Difference methods, which make them very flexible. They need, real frequency independent functions, known in closed form [4].
however, a 3-D mesh and, consequently, a very large number of In particular, g(r,r') is the electrostatic potential Green's function
variables to discretize the problem, thus requir- of the spherical cavity and e,(r'), kmn are the
ing a large memory allocation and long comn- Clectric (normalized) electric field vector and the
puting times. When the medium inside the wall corresponding wavenumber of the m-th mode
cavity is homogeneous, as in the case of accel- n of the spherical resonator. The summation in-
erating structures operating in vacuum, it may , cludes all the modes having km < kM, and it
be advantageous to use a Boundary Integral v is an accurate approximation of an infinite
Method (BIM), that involves quantities defined series, up to a frequency corresponding to
only on the cavity wall. In this case, indeed, a about kM/ 2 .
surface mesh is sufficient, and the order of the Though more complicated than the equiva-
matrices involved in the problem reduces dra- S lent expression for a current radiating in free-
maticall y. The conventional approach consists space, eq. (1) is much more convenient for the
in enforcing the electric-wall condition on the numerical solution of the EFIE, since it is a
electric field (or on tie magnetic field) pro- rational function of k. In fact, thank to this
duced inside the cavity volume V by an un- Fig. I feature the discretization of the EFIE results
known current sheet J distributed on its into a linear matrix eigenvalue problem, as we
boundary S and radiating in free space at an unknown frequency are going to show in the following.
(o. The resulting Electric Field Integral Equation (EFIE) or
Magnetic Field Integral Equation (MFIE) is transforned into a 2. THE ALGORITHM
complex matrix problem using the method oif the moments,: te The surface S is discretized using triangular patches and the
resonating frequencies or are obtained as those particular values and 0(r) are expanded as:
of (o that permit the problem to have a non-trivial solution. tiknown finctions J(r)
This solution yields the modal current distribution Jr, from
which the modal fields can be calculated. In both cases the coeffi- N N
cients of the MM matrix depend on the frequency through com- J(r) -_ ai fi(r) ; (r) -- - . ai Vs fi(r) (2)
plex transcendental functions, and each resonance must be found JiO i=1
through an iterative procedure that require tie repeated evaluation
of the MM matrix at closely spaced frequencies 11.21: this may where (tfi(r) I are the vector subsectional base functions intro-
lead to overlong computing times when many resonances are to duccd in 15]. Each fi(r) has a support Ei constituted by the two
be found, a drawback that may overwhelm the intrinsic advantage triangles shaiing die i-th edge (see Fig. 2) and is represented by:

(*) Work partially supported by C.N.R. under Contract No. 92.02957.CTt)7.
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(li/2A+) p+ if r belongs to T1 (iT
rp if r belongs to Ti

elsewhere .i

where Ii is the length of the i-th edge, At+ and A- denote tie area Ti
of the two adjacent triangles Tt, and T , and pt+ and p; are vectors
emerging from the two vertexes opposite to tie i-th edge. The or
number N of the base function equals the number of tie edges. 0
Using these base functions, J(r) and 0(r) are represented by well-
behaved functions: in fact, as discussed in [5 1, the component of
the current normal to any edge is continuos, a fact that prevents Fig. 2
the need of considering line charges. Moreover, the surface
charge density is represented by a zero mean, piece-wise constant Compared to the standard EFIE approach [2], a longer time is
function, since we have: needed to calculate the MM matrices, due to the more compli-

Sicated expressions of their coefficients; moreover, besides the de-
lbelongs to sired resonances, this algorithm yields also the resonances of the

Vs* fi(r)= li/AI if r belongs to T' (4) exterior region Q-V, i.e. of the fictitious resonator bounded by
0 elsewhere the spherical surface and the surface S (these spurious solution

,are easily detected and rejected, since they give rise to a zero field
Introducing eq. (2) into (1), enforcing the boundary condition inside the volume V). In spite of these drawbacks, the computer

n x E(r) = 0 (r e S) and solving the resulting EFIE by tie MM code that implements the new algorithm is very efficient when
by using (n x fi(r) I as test functions, the following set of equa- many resonances are to be calculated. We found that, in the case
tions is obtained: of typical cavities. tie time for computing all resonances up to

N N M twice the frequency of the fundamental mode is shorter than that
N needed to find only one resonance following the standard EFIE

2 k2 Cij aj + X Lij aj + X Ri bm = 0 i=l .... N (5) approach (note that, in the conventional approach, typically
"k = j=1 m=1 more than 10 evaluations of the matrices are needed to localize a

In deriving (5) the set of the M auxiliary variables {b~n) hav resonance). Moreover, no problems arise in case of degenerate or

been introduced, which are related to I ai ) by the following set of le g
equations: 3. THE COMPUTER CODE

2 N The algorithm has been implemented in a computer code running
aY Rm a, (6) uider VAX-VMS. The program reads the geometry of the cavity

in k _ k j=1from a forniatted file: an interface to a commercial mechanicalCAD (PATRAN) is available, that eases the definition of the
The other quantities in (5) are defined as: geometry and the generation of a suitable mesh. It is possible to

take advantage of symmetries respect to the coordinate planes to
Cij = f Vs- fi(r) g(rr') Vs. f1(r) ) dS'dS (7a) reduce the dimension of the problem. Then coefficients (7) are

1i I* calculated: since functions g(r,r') and G(r,r') diverges when r --
r', coefficients ci. and lI. are evaluated analytically in cases

f fj(r~r ) dS'dS (7b) where Ei and 7i overlap (partially or totally). In all other cases a
fJ fi(r fj(r') fast gaussian quadrature scheme is used. Problem (8) is solved

1i Ej using the EISPACK routines [6], after a rearrangement, not re-
ported for brevity, useful to reduce memory allocation by taking

Rim= - J fi(r) • ena(r) dS (7c) advantage of the special form of the matrices involved. At pre-
km T'i sent, the selection of the resonances of the outer region must be

Note that C- = C.- and LiJ = Li due to die reciprocity properties performed manually, but an automatic procedure for detecting and

of g and G P41. purging these spurious solution is being implemented. The
Introducing the vectors a= ai},) a={ bi} and the matrices C, L. eigenvalues and the corresponding eigenvectors are stored in a

R and D = diag{ k- 1. the two sets of equations (5) and (6) can file: a post-processing program can use these data to calculate the
d in normalized modal fields and to evaluate Q-factors and shunt-

be grouped as follows: impedances.

F R Fbi 1 F 1 F[b] Muiy calculations have been performed on trirectangular,.
L a_ 1 LaO = 0 (8) spherical and cylindrical cavities, and the numerical results have
R L - k 0 C been checked against theoretical ones, in order to validate the

prognun and to investigate the influence of different mesh sizes.
where - denotes the transpose and I and 0 are the identity and the Tab. I summarizes die results for a cylindrical cavity (radius=24
zero matrices. Note that all the coefficients of the matrices are cm, heigth=22 cm) analyzed tip to about three times the fre-
independent of the frequency, so that (8) constitutes a generalized quency of its fundamuental mode using two different mesh size
linear matrix eigenvalue system in standard form. Moreover, the (see Fig. 3ab). The symmetry respect to the three coordinate
system matrices are real and symmetric. The largest eigenvalues planes were exploited and, to minimize the error arising from the
of (8) yield the first resonating frequencies: they can be found us- discretization of the surface, the volume of the analyzed struc-
ing very efficient library routines. tures was kept equal to that of the original cavity in both cases.
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Using the finest mesh, consisting of 54 triangles (over which 89 0--D = 48 cm--
base functions were defined), the accuracy is very good for all +z 4z
modes. Even with the coarse mesh (15 triangles, 27 base ftuc- F
tions) the accuracy is reasonable for the first few modes, whereas h =22 cm
only a rough estimate of the resonating frequency is obtained for
the higher modes, as expected. The same table reports, for each
mode, the ratio Lm/kr of the mean length of the edges to the Y

free-space resonating wavelength. It is noted that accuracies bet- Coarse mesh Fine mesh
ter than 0.3% are obtained for Lm < Xr/4. This result, confirmed 15 patches 54 patches
by the other tests, suggests a rule of thumb for choosing the Fig. 3
mesh size. CPU times (on a VAXStation 4000/60) are about 20
s (coarse mesh) and 240 s (fine mesh) for finding all the modes 31 M. liressan, G. Conciauro, C. Zuffada: "Waveguide Modes Via anbelonging to each class of symmetry. When dealing with sym- Integral Equation Leading to a Linear Matrix Eigenvalue

Problem"; IEEE Trans. on Microwave Theory and Tech., Vol.metries, some intermediate results, not depending on the particu- MTT-32, n. 11, Nov. 1984, pp. 1495-1504.
lar class of symmetry, can be stored and reused for finding modes 41 M. Bressan, G. Conciauro: "Singularity extraction from the elec-
with different symmetries. This possibility, not yet imple- tric Green's function for a spherical resonator"; IEEE Trans. on
mented, will greatly reduce CPU times for the complete analy- Microwave Theory and Tech., vol. MT"-33, n. 5, May 1985, pp.
sis. 407-414.

A second test example refers to the axisymnmetric cavity of 51 S. M. Rao. D. R. Wilton, A.W. Glisson: "Electromagnetic
Fig. 4. One eighth of the surface is modelled using 136 patches Scattering by Surfaces of Arbitrary Shape", IEEE Trans. on
(corresponding to 219 base functions). CPU times were 26 ,ii- Antennas and Propagation, Vol. AP-30, n. 3, May 1982, pp.
utes for each symmetry class to find the 34 modes tip to 10 409-418.
GHz. In Tab. 11 the resonating frequencies of the first 20 modes 61 B.S. Garbow, J.M. Boyle, J.J. Dougarde, C.B. Moler: "Matrix

eigensystem routines - EISPACK Guide Extension"; in Lecture
(classified according to their even or odd symmetry respect to the Notes in Computer Science, no. 51, G. Goos and J. Hartmanis,
coordinate planes) are compared with measured values and, when Eds., Springer-Verlag, 1977.
possible, with the results obtained by the program SUPER-
FISH. Fig. 4 shows the electric field of the dominant mode.
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--0 DD=71.8 mm

Coarse Mesh Fine Mesh Fg. 4
Mode theoretical omputed A(%) JALj computed A (%) LScrr .(M z) fr q e c r f e u n y•rSym m etry Cale. res. Superfish M easured

rreq. (MHz) Tequenc~ -__ )r frequency Xr yz fr. Gz
010 478.42 479.38 0.20 0.20 478.52 0.02 .).10 xyz freq.[GHzl
1M 110 762.29 763.09 0.10 0.31 762.64 0.05 ).16 eeo 2.8642 2.8429 2.8467

IE 111 773.98 768.79 -0.67 0.32 774.28 0.03 ).17 eee 3.9191 3.8976 3.8950
IM011 832.93 827.24 0.68 0.34 833.28 0.04 ).18 eoe 3.9547 -- 3.9357
IE 211 913.28 902.24 1.20 0.38 913.35 0.01 .20 eee 5.0429 -- 5.0171
TM210 1021.7 1016.7 0,50 0.42 1022.4 0.07 ).22 eoo 5.0927 -- 5.0544
TM 111 1022.7 1015.5 0.70 0.42 1024.3 0.15 1.22 ooe 6.0471 -- 6.0208

TE 011 1022.7 1005.6 -1.70 0.42 1021.9 -0.08 1.22 eoe 6.1687 -- 6.1238
TE 311 1078.6 1063.7 -1.40 0.44 1079.3 0.06 ).23 eoe 6.3336 -- 6.2938
TM020 1098.2 1100.8 0.23 0.45 110L.6 0.30 1.24 eeo 6.4608 6.4378 6.4150
TM211 1228.3 1201.4 -2.20 0.51 1229.0 0.06 1.26 eoo 6.5880 -- 6.5453
TE 411 1258.6 1237.4 -1.70 0.52 1258.8 0.01 1.27 eeo 6.9123 -- 6.8627
TE 121 1260.9 1223.3 -3.00 0.52 1259.2 -0.13 127 eeo 7.1340 7.0876 7.0874
TM310 1269.3 1236.0 2.60 0.52 1270.1 0.06 1.27 eeo 7.2389 -- 7.1933
TM021 1292.6 1248.8 3.40 0.53 1298.1 0.40 .28 eee 7.5324 7.4741 7.4820
TM 120 1395.7 1359.7 2.60 0.57 1399.2 0.25 1.30 ooe 7.6879 -- 7.6327

112 1412.0 1398.9 0.90 0.58 1417.5 (0.39 ).30 eee 7.7238 -- 7.6645
TM311 1440.8 1402.1 2.70 0.59 1445.8 0.35 ).31 eoe 7.7759 -- 7.7292
TM012 1445.1 1416.9 -1.90 0.59 1450.0 0.34 1.31 coo 8.1312 -- 8.0604
TE 511 1447.0 1429.9 1.20 0.60 1450.0 0.20 ).31 ooo 8.1327 -- 8.1016
TE 212 1492.9 1481.5 -0.76 0.61 1498.0 0.34 1.32 coo 8.3276 -- 8.2787
TF 221 1498.3 1472.2 -1.70 0.62 1495.6 -0.18 .)32 TAB. 1l-Resonatingfrequenciesofthe
TAB. I - Resonating frequencies of die cylindrical cavity of Fig. 3 nose-cone cavity of Fig. 4
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Design Study For The ELFA Linac
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Table I- Beam parameters

Abstract
Nominal energy 6 MeV

The accelerator for ELFA must provide a 6 MeV electron Peak current >r50 A

beam to drive a single pass free electron laser at 100 GHz. Energy spread, rms <1%

The 1.3 GHz linac will operate at low repetition rate (10 Norm. rms emittance 3< 50 i mm mrad

Hz) and short macropulse (2 ns) and should provide peak micropulse length >35 ps

current over 50 A. number of micropulses 3

The envisaged accelerator includes a gridded electron gun, repetition rate 10 Hz

a prebuncber and a multicell bunching/accelerating section. * Enmms = Py cxOx'
The general characteristics of the accelerator and the

expected performances, as evaluated by beam dynamics II. The accelerator

studies, are presented. The specifications of table I can be easily met and

L Introduction exceeded by a photocathode RF gun of the type in operation
at Los Alamos.

ELFA (Electron Laser Facility for Acceleration) is a high It was felt however that a photocathode RF gun requires a
gain, single pass free electron laser designed to operate in considerable staff effort to be developed and operated. Also,
the microwave region (100 GHz) to explore fundamental FEL the cost and delivery time can be kept at minimum with a
physics with short bunches. more conventional configuration.

The project has been revised in 1992 to obtain a reduction The preference is therefore versus a design that allows the
in cost, schedule and technical risk while maintaining the option to buy a commercially available technology and to
physic goals of the original proposal. A detailed rewiew of the concentrate the efforts on the experiment.
project is presented elsewhere at this conference [ 11. The design study has been focused on an accelerator with

The minimum beam characteristic satisfying the above . a gridded electron gun
requirements are reported in Table I.

The micropulse 1ength of 35 ps, corresponding to three * a prebunching cavity at the fundamental frequency

optical wavelength of the 100 GHz radiation, implies the * a bunching/accelerating section
choice of a L-band (1.3 GHz) accelerator in order to minimize A scheme of the accelerator is shown in fig 1. The main
the micropulse energy spread. components are described in the following.

WG VOLTAGEt ION PUMP
POWER SUeY E-GtN

ISMtATION VALVE

SFOWUS COIL/CCELERATO4

114JE(CTOR HOUSING

Fig. I. Schematic view of the accelerator.
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60 Bunching/accelerating section

A travelling wave, 20/3 mode, SLAC type structure has
1-7 been investigated to bunch and accelerate the beam at 6,'', / : : i I, ,MeV.

40 ,, ,' ,',... ; The section is very short ( two wavelengths ) and is not
.....' / ,graded although the beam at entrance has = 0.6.

shunt impedance and to avoid possible multipactoring

20 ," , ',,' .,, problems. A schematic tridimensional view of the structure,
, . , , , ,, ,including the entrance and exit couplers, is shown in fig. 3.

. ........ ' iThe required accelerating gradient is 15 Mv/m and the
10 '7>corresponding peak surface field is - 30 MV/m. The quality

factor is Q = 22000 and the group velocity is v8 = 0.5%.
This section will operate in the storage energy mode with

0 0 20 Nn 4,, Flo o a single pulse beam loading of - 0.5%
An alternative approach for the accelerating section is to

Fig. 2. Electron beam trajectories in the gun. Voltage 120 kV, use a 4 cells standing wave cavity operating near the 71 mode.
I= 11 A. Units in amm. The proposed structure has a shape similar to that used for

superconducting cavities with a large bore.
Electron gun The quality factor of the structure is Q = 30000. The peak

The electron source is a standard, high current gun of the values of the electric field are 25 MV/rn on axis and
type now in use at SLAC. At 120 kV it should provide up to approximately 50% more on the surface. The corresponding
10 A pulses with a flattop of 2 ns and subnanosecond rise and dissipated power is 2.5 MW. The stored energy is 9 J; the
fall time. corresponding bunch to bunch energy variation should be less

The gun is a classical Pierce gridded gun with a 3 cm2  than 0.25%.
thermoionic dispenser cathode . The grid is expected to A detailed description of the design and test of the
intercept less than 20% of the cathode current. prototypes for these two structures is given elsewhere in this

The geometry and the performances of the gun have been conference[4].
evaluated with the EGUN code[2]. The geometry indicated in Both types of structures (as well as other standing wave
fig 2,according to the EGUN simulation, gives 1 A types) are suitable for the accelerator. The main drawback of
corresponding to a perveance .27 gP. the TW structure is the need of a careful design and

The calculated emittance at exit of the gun, including the realisation of the input and exit cell and couplers in order to

thermal effects, is Enrms = 3 ic mm mrad. A realistic value avoid, especially at the entrance, the dipole field component.
for the emittance, assumed as nominal value for the beam
dynamic evaluation, is Enrms = 5 7r mm mrad when RFsystem
considering the grid lens effects. A klystron, with 5 MW of peak power and 8 its pulse, at

At the gun exit the beam has an edge radius r =.8 cm and 10 Hz repetition rate, should be sufficient to power the linac
is very close to a waist. for all the possible structures choices (TW or SW).

Particularly important for the experiment is the pulse to
Prebuncher pulse repeatibility of the beam characteristics; the amplitude

After a drift of 40 cm from the exit of the gun, to allow for jitter of the klystron should be of the order of 0.1%.
pumping and isolation valve, the beam is focused with a thin
solenoidal lens to the prebuncher.

The prebuncher will operating at the fundamental
frequency of the linac, 1.3 GHz, and should have a peak
energy gain up to 40 keV. To minimize the effects of beam
loading a low Q value is desired; the peak power should be of
the order of few kW.

The prebuncher should compress more than 50% of the
beam in 60° RF at the entrance of accelerator located 40 cm
downstream.

Fig. 3. Tridimensional view of the TW section.
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HI. Beam dynamics 3O 620prsý

116 .- s
The beam dynamics has been studied with the code -IT

PARMELA[3] which simulated the motion of the electrons in -..
RF cavities (and along beam line) including transversal and 6 . .
longitudinal space charge effects. -So

The study has been carried out for the following
configuration: m -. e ... -i.u .... ..-mUo -N.0i . 04 Us.* -. so o. 1.71
"* gun at 120 kV, 10 A extracted current, beam radius (edge) M.0 -m W- X NO-. 7W

8.5 mm, edge emittance 30 x mm mrad (Enrms =5 7c mmimIII.:
"* focusing solenoid ( peak field 300 Gauss) placed 15 .. .cm

after the exit of the gun -1 .0 ........ ............. I
"* prebuncher with a peak energy gain 22 KeV -Z.$ - ......... o.

- ."cells, 2ir3 mode, travelling wave section with an 0-. . -gs . igmr. I. W.0 . -.

accelerating gradient of 15 MeV/m ,,,. t "m •. a- M.3

"• fcusing solenoids providing up to 1. 1 Kgauss peak field Fig. 4. Phase space plots at the exit of the accelerator. Beam

at the center of the accelerating section energy 6.2 MeV. Units: cm, mrad, RF, keV.

The beam produced by the gun is focused at the
prebuncher location and then refocused at the entrance of the IV. Condusions
accelerating section. The design study has shown that the beam specifications

Here the beam emittance has increased to Cnrms =15 x can be met with a conventional accelerator and with different
mnm mrad, due to space charge and to RF coupling effects in thecnical solutions (SW or TW ).
the prebuncher, and 75% of the bunch is compressed in 1200 More detailed investigations will be carried out in order to
RF. determine if there are clear advantages, in term of

The RF phase of the section is chosen to maximize the performances, cost, reliability and operation, for some specific
bunching process, which is completed in the first cell where configuration.
the beam reach the energy of .9 MeV, and to minimize the As already mentioned the accelerator will be ordered as a
energy spread of the final beam. turn-key machine upon approval and funding of the project.

The phase plots and the beam profile at the exit of the References
accelerator are shown in fig. 4. The capture efficiency, 75%,
is quite high and this implies long tails in the phase and [1] E. Acerbi et al. - The revised ELFA project - these
energy profiles as partialy shown in the figure. Proceedings

Considering the core of the beam, i.e. the beam included [2] W. B. Herrmansfeldt - EGUN - SLAC Report 331 (1988)
in 300 RF around the peak density, as shown the figure, the [3] K.R.Crandall and L.Young - PARMELA - unpublished
capture efficiency is 60% (620 particles of the 1000 [41 G.Bellomo et al. - Design and test of prototype cavities for
simulating the bunch) and the corresponding peak current is the ELFA linac - these Proceedings

close to 75 A.
The rms normalized emittance is 30 x mm mrad and the

full width energy spread of the beam core is 200 keV
corresponding to an rms enrgy spread of 0.8 %.

An optimization of the beam dynamics inside the
accelerating section should improve the energy spread and the
pulse length (i.e. the peak current) of the beam core.

Comparable values can be obtained with a standing wave
section with a proper tailoring of the field in the first cell.

These results are consistent, or even better, with the
minimum requirements of the beam also when allowance is
given to tuning errors and beam loading effects in the
accelerator.

The long tails of the pulse, in energy and phase, should be
removed by scraping or by an analysing system along the
beam transport and matching line to the wiggler.
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Abstract II. THE DA4)NE RF CAVITY
The achievement of the highest luminosity in the 510

MeV electron-positron (1)-Factory DA(INE, in construction at A considerable reduction of the characteristic impedance of
Frascati Laboratories, requires a careful design of the RF ac- the cavity HOM's can be obtained by opening the beam tubes
celerating cavity, being the main source of High Order para- at the cavity irises in order to let the higher frequency parasitic
sitic Modes (HOM) which are responsible for multibunch in- modes propagate through them. A taper is then used as a grad-
stabilities. Intense R&D has been carried out to choose the ual transition from the cavity iris to the ring vacuum pipe. A
cavity resonator which would better cope with those problems. careful analysis of the longitudinal wake potentials was made
Theoretical studies and simulations of the longitudinal beam with the code TBCI, aiming to reduce the cavity contribution
dynamics with various cavity shapes have been performed and to the machine impedance [2]. A design with no beam tubes
several HOM extraction and damping techniques have been and two long tapers was compared with a conventional design
studied and tested. This report presents the results of these in- having tubes and short tapers. The long taper cavity showed a
vestigations and the laboratory tests of the proposed accelerat- rather low value of loss factor to the HOM's (kpm = 0.07
ing RF cavity for DA4)NE. against 0.16 V/pC at an rms bunch duration a, of 100 psec)

and a slightly larger R/Q at the fundamental mode (FM).
I. INTRODUCTION Since the total loss factor for a single bunch passage is:

The very high luminosity of the double ring 0-Factory
DA(4NE, of the order of 1032+1033 cm-2"sec 1 , will be k pm.Rn e-2.-2
achieved by filling up to 120 buckets per ring with 47 mA per 2 n
bunch. One of the main problems arising in the beam dynam-
ics concerns the multibunch instabilities caused by the para-
sitic resonant fields induced by the beam in the RF accelerat- this means that on the average the R/Q's are substantially de-
ing cavity. Due to the high current, the instability rise time creased. This fact was confirmed by a frequency-domain analy-
can be very fast [1], so it is impossible to stabilize the beam sis (done by means of the codes OSCAR2D and URMEL),
with a feedback system alone. An effort has to be made to re- where the presence of some strong HOM's above the beam
duce the shunt impedance of the cavity HOM's such that the tube cutoff was observed in the short tapered, but not in the
feedback can be effective. This task can be accomplished both long tapered structure.
by properly shaping the cavity and damping the parasitic Once the basic long-tapered design was adopted, the next
modes by extracting the relative energy with suitable RF step was the optimization of the cell profile. A "nosecone"
techniques. The parameters of the DA()NE RF system for an shaped resonator can concentrate the electric field in the region
initial operation at 30 bunches are presented in Table 1. The of the beam, thus increasing the R/Q and also helps to de-
RF power sources permit to eventually upgrade the operation crease the R/Q of the 0-MM-I HOM considerably, while the
to 120 bunches. situation of the 1-EM-i dipole mode is worsened, because of

the abrupt discontinuity due to the noses. In a high-Q "bell-
Table 1. RF Parameters for 30 Bunches shaped" (rounded) structure, on the opposite, the smooth pro-

file is beneficial for dipole modes, but retains a greater value
RF Frequency (MHz) 368.25 for the 0-MM-I mode. We have studied and measured both
Harmonic Number 120 structures, maintaining the same FM shunt resistance. A
Cavities per Ring 1 comparison shows a preference for the 'nosecone' cavity as re-
Cavity Quality Factor 45000 gards the 0-MM-1 mode and for the 'rounded' cavity as regards

RF Peak Voltage (kV) 250 the I-EM- I mode. The situation of other HOM R/Q's, up to
Cavity Wall Power (kW) 11.5 the beam pipe cutoff, is quite similar for the two shapes.
Current per Beam (Amps) 1.4 Experimental results show that the strong damping of the
Synchrotron Power Loss (kW) 27 0-MM- I required to be confortable with a feedback system [31
Parasitic Cavity Losses (kW) < I can be provided in both cases. Thus, there is no reason to
Cavity-Generator Coupling -3.0 choose the 'nosecone' cell as our cavity, while the 'rounded'
Klystron Power (kW) 150 cell is certainly to be preferred because it is of much easier
N' of Klystrons per Ring I construction and cooling.
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The final shape is shown in Figure 1. In the DA()NE The application of the WG's to the test cavity decreases
cavity, only the 0-MM-I mode has a rather high R/Q value the FM frequency by 2% and the FM quality factor by 16%.
(16 Q1) and for just a few modes RIQ is greater than I Q. Being 25,000 the cavity model Qo, the WG's external Q is
Much care was taken to ensure that the higher R/Q HOM's are about 180,000. High RF losses ferrite tiles have been applied
far away from the most powerful harmonics of the beam spec- onto the shorted plane of each WG to dissipate the HOM ener-
trum, to avoid resonant enhancement of the parasitic power gy. The ferrites do not require any shaping since their impe-
loss. dance, as shown later on in this article, somewhat matches the

The adopted profile makes multipacting unlikely easing 377 Q vacuum impedance.
the RF conditioning and operation. Table 2 shows the experimental results obtained by

equipping the test cavity with 3+2 WG's and ferrite loads. The
.. --- - -,damping of the first 8 HOM monopoles is listed together with

the FM data. In some cases, the impedance damping is more
92 cm than 2 orders of magnitude. Such results are very encouraging

and let us believe, in accordance with numerical simulations
13J, that a feedback system to control the longitudinal beam
instabilities is feasible. Table 3 gives the parameters of the
highest impedance HOM dipoles and the obtained damping.

34.7 cm We plan to perform more precise tests with a high quality
clectro-formed cavity model.

..... - ------ - Table 2. Cavity Model Test Results (Monopoles)

Figure 1. Profile of One Quadrant of the DA4)NE Cavity. Mode I Freq. I [ R/Q I Lled Q RSH

[Mz] __ 0[J Q [___
III. EXPERIMENTAL RESULTS

0-EMI 357 25000 61 22000 1350
A copper cavity prototype has been fabricated. Due to me- 0-MMI 747.5 24000 16 60 0.96

chanical imperfections of the model, the FM frequency is 0-EM2 796.8 40000 0.5 270 0.13
slightly lower than the nominal value. We have improved the 0-MM2 1023.6 28000 0.9 ..... ......
HOM impedance damping by opening three rectangular slots 0-EM3 1121.1 12000 0.3 600 0.21
onto the central body of the cavity model and connecting three 0-MM3 1175.9 5000 0.6 140 0.08
300x40 mm 2 waveguides (WG) with cut-off at 500 MHz. The 0-EM4 1201.5 9000 0.2 110 0.02
WG's are placed 1200 apart to avoid perturbing the accelerating 0-EM5 1369.0 5000 2.0 300 0.6
field symmetry. The WG's have been positioned in order to 0-MM4 1431.7 2000 1.0 150 0.15
couple as much as possible the magnetic field peaks of the 0-EM6 1465.0 2000 0.1 200 0.02
highest HOM R/Q's. The guides convey the HOM energy out
of the cavity in the TEIO WG mode. Two additional WG's
with cut-off at 1350 MHz have been placed, 900 apart, along
the tapered pipes. They couple to some higher frequency Mode Freq. R/Q' Laded
HOM's which have there intense magnetic field. Figure 2 [M!llz. Q _ . ]2L Q
shows the cavity prototype tested in laboratory and fully 5
equipped with 5 WG's. I-MM_ 1 522.3 28500 5.1 300

I-EMI 569.6 31500 14.0 130
_____ 569.8 32000 1 140

IV. STUDY OF THE HOM DAMPERS

The damping of the HOM energy propagating through
the test cavity WG's has been achieved by means of Trans-
Tech 1TT2- I 11R ferrite tiles placed onto the opposite shorted
plane of the guides. The ferrites, based on a Ni/Zn compound,
present high RF losses in a broad frequency band and do not
require special shaping. The most significant RF parameters
have been measured in the frequency domain with a reflecto-
metric technique 14]. We report in Figures 3 and 4 the charac-

Figure 2. The Low Power Cavity Prototype. teristic impedance and the VSWR versus frequency.
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Re , (a] M im i0j In alternative to the ferrite load terminations, we are study-
450.00 ,-60 ing a broadband transition from WG to coaxial 1-5/8". A band-

width of more than 2 octaves (i.e. .5+2.5 GHz) with VSWR <
4Mo.0o - Re ITIlI 1q• -180 2.0 seems feasible. This design would allow to dissipate the

350 -- RHOM power on an external 50 Q load.
350.00

-200
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Figure 3. Characteristic Impedance of Ferrite TI'2- -11 R.
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Mechanical Results of the CEBAF Cavity Series Production*

J. Mammosser and J.F. Benesch
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606 USA

Abstract Table I - Interface dimensions and tolerances (mm)
Interface dimensions of the full production run of 360

CEBAF cavites manufactured by Siemens are summarized. Overall length (A) 717.55±6
Analysis indicates that length tolerances of ±2 mm and Coupler location (B) 46.33± 0.07
fundamental power coupler location tolerances of ±0.15 mm Coupler height (C) 76.20±0.1
are achievable on future procurements. Vacuum leaks were a Perpendicularity of flanges (1, 2) to beam 0.2
concern early in production but have now been overcome: 2 K axis
helium leak rates integrated over 22 vacuum seals have been Parallelism of coupler flange (3) to beam 0.2
measured on 84 cavity pairs and a roughly normal distribution axis
of the logl0 (leak rate) is seen, centered about a rate of
10-10.2 torr-Vs. Specifications are in Table 1. Means and standard deviations

achieved on the three lengths shown, as measured by CEBAF

I. INTRODUCTION and Siemens, are given in Tables 2 and 3. Table 2 represents
the first 36 units (10%) and Table 3 the remaining 324 units.
The latter are more representative of full series production,

The Continuous Electron Beam Accelerator Facility and will be discussed in what follows.
(CEBAF) is under construction in Newport News, Virginia,
USA The machine will produce a low emittance electron Table 2 - Lengths (mm) - Cavities 1-36
beam with a current of 200 liA and energies up to 5+ GeV for Mean Y
fundamental experimental studies in nuclear physics. [1] The Overall length (A)
accelerator consists of: a conventional source at 0.5 MeV, a CEBAF measurements 720.74 1.73
single pass injection accelerator with nine pair of Siemens 720.44 1.57
superconducting radio frequency (SRF) cavities providing Window flange location (B)
final energy of 45 MeV, and a main ring in the shape of a CEBAF 46.33 0.14
racetrack with two linacs. The two linacs each consist of 80 Siemens 46.35 0.05
pair of SRF cavities nominally providing 5 MV each, for a Window height (C)
total of 400 MeV/linac and 4 GeV after five passes through CEBAF NA NA
each of the two linacs. There are thus 338 SRF cavities in the Siemens 76.12 0.12
machine. A total of 360 cavities were purchased from
Siemens. Table 3 - Lengths (mm) - Cavities 37 and higher

Cavities are measured upon receipt and sorted into pairs Mean a
according to window height (C), overall length (A) and Overall length (A)
window flange location (B), with that order of precedence. CEBAF measurements 721.48 0.97
About one third of the assemblies require custom interface Siemens 721.47 0.98
components. About 10% require custom beam tubes to meet Window flange location (B)
the cryostat length interface and another -20% require custom CEBAF 46.28 0.07
waveguide interfaces at (C). Siemens 46.32 0.05

Window height (C)
II. MECHANICAL TOLERANCES CEBAF 76.28 0.06

Siemens 76.25 0.07
The outline of the CEBAF cavity, designed at

Cornell University (2), is shown in Figure 1. The agreement between the measurements made of overall
length is excellent. Only six cavities (2%) fall outside ±2a.
Since this performance was achieved even though the span
allowed was much broader, a length tolerance of ±2 mm is

C reasonable for future acquisitions.
Agreement between CEBAF and Siemens measurements

on dimensions B and C is not as good. It is believed that this
is due to the diffei cice in the way the cavities were supported
on the table of each organization's coordinate measuring
"machine. CEBAF supported the cavity at the first and fifth
cells while Siemens supported three of the five cells. Cavities

A are held by one beam tube and the coupler flange in the

Figure 1. CEBAF cavity * supported by U.S. DOE contract DE:-AC05-84ER40150.
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cryostat, so the CEBAF measurement is more representative least 24 hours and is not pumped during this period, by
of use. The cavities sagged. This is shown in Table 4, which monitoring the partial pressure of helium in the cavity vacuum
gives the angles at points 1, 2 and 3 on Figure 1. Future as the cavity pair is warmed from 4.2 K to 20 K we can
acquisitions should include explicit descriptions of the determine the total quantity of helium which leaked into the
measurement setup to be used, including supports. system while it was immersed. The distribution of the test

results is shown in Figure 2.
Table 4 - Interface Angles The data is consistent (Shapiro-Wilk W test, see reference

mean G 4) with a normal distribution with mean equal to -10.24
(6x 10-11 torr-l/s) and standard deviation just under an order of

Beam flange angle at HOM (1) 89.932 0.04' magnitude.Beam flange angle at FPC (2) 89.92" 0.04"
Coupler flange angle to beam (3) 0.04' 0.03' log leak rate

Looser tolerances for dimensions B and C would not
require custom machining of interface components if one_ 20
maintains an inventory of 40 to 50 cavities and sorts.
Tolerances of ±0.15 mm and ±0.12 mm respectively are -15
deemed achievable for future acquisitions.

The thinness (9 mm) of the flanges of the design did not 10
allow for adequate machining after welding to obtain better 5
length tolerances, better perpendicularity of flanges I and 2
and better parallelism of flange 3 to the beam axis. The
thinness of the flanges also has been implicated in problems - 1 3 - 1 2 -1 1 - 1 0 - 9 - 8
with the integrity of the indium vacuum seals used in the
assembly of the cavity pairs (see below). An increase in Figure 2. Common log of cold leak rate vs. number of
flange thickness to 15 mm before final machining would cavities.
stiffen the flange by a factor of three and allow 0.7 mm of
material for final machining to form and position. With We are still having an occasional problem with cold RF
thicker flanges, the form tolerances in table I (parallelism and window hermeticity. In addition, we have had a few leaks in
perpendicularity) could be tightened from 0.2 mm to 0.1 mm, indium joints due to oxides. Components can be removed and
perhaps eliminating the need for custom interface components replaced without significant degradation of cavity
altogether. The interface parts could also include bellows, performance by returning the pair to the clean room, holding it

in the vertical orientation, bleeding it up slowly to about 105
HI. INDIUM VACUUM JOINTS kPa with nitrogen through a point of use particle filter,

removing external particles with solvent wiping and then
During early production there were a number of leaks in carefully replacing the failed component or seal. Nitrogen

the indium wire seals used as vacuum joints between the flow through the pair and out the opening created by the part
cavities and auxiliary components. The vacuum leaks were swap is maintained while the change is made to minimize
traced to two causes: (a) inappropriate final surface finishing particle influx. This procedure has been quite successf,-l as is
and (b) deformation of flanges due to flange thickness, bolt shown in figure 3, a case where the cold RF window was
hole pattern and bolt torquing procedure. Cause (a) was found to leak after vertical test. The two curves show the
eliminated by electropolishing stainless steel flanges and results of two distinct vertical tests, before and after the
lapping of the niobium flanges before chemical etching with a window change.
buffered solution of nitric, hydrofluoric and phosphoric acid. 2E+10.
Cause (b) was eliminated by modifying the RF window frame
to increase stiffness, decreasing the indium wire size from 1.5
mm to 1.0 mm to reduce bolt torque, moving the indium wire 1E+1.
seal towards the bolt holes and adopting new assembly and
torquing procedures. Q

There are eighteen indium joints and four Conflat@-style 0 -- t -: ... . . ._. . ... .

joints in each cavity pair assembly. After two cavities are o Before I'indow Change
assembled into a pair with hermetic RF windows, HOM loads + After Window Change
and interfaces to the helium vessel, the pair is evacuated and
maintained under vacuum thereafter. (3) The pair is mounted
on a vertical test stand and placed in a dewar. RF testing is Cavity: IA075
then performed at 2.0 K. If a cavity pair does not meet the 1E+9 - . 1 . 1 ...
final vacuum leak specification at 2 K (< 2 x 10-8 std cc/s) or 2 4 6 8 10 12 14 16 18
if there is concern about RF coupler window appei.rance after E (MV/m)
the test, then cavity components may be replaced or the cavity acc
pair may be reprocessed. In either case, the pair is retested Figure 3. Durability of cavity performance with exchange of
and only the final results used. The leak rate is tested by an cold window
integration method: since the cavity is immersed in LHe for at
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FABRICATION OF COMPLEX MECHANICAL COMPONENTS

Yves BEROUD
S.1.C.N.

BP 1, 38113 Veurey-Voroize, FRANCE

Abstract

Precision mechanical components consist of parts which are B_ Welding
difficult to fabricate due to their materials of construction and
because of the state-of-the-art techniques required to fabricate The primary purpose of welding is to fuse two components
and assemble them. together. SICN uses several welding techniques, including :

This paper presents various materials and fabrication TIG electric arc welding, with or without filler metal.
techniques, including combined machining-welding techniques. electron beam welding, using both 10 and 15 KW
uranium metallurgy. niobium-steel soldering and machines, which makes straight. deep welds with high
micromechanical techniques. It also illustrates each technique specific energy and.
with specific examples. laser welding. using the YAG 400 W machine, which

makes welds in normal atmospheres with high energy.
The mechanical components described in the present paper

are used primarily in the nuclear industry, as well as in When extremely accurate welds are reouired. SICN
equipment for scientific research. redesigns existing welding equipment. by supplying an

electron gun, building a vacuum chamber and designing the
1. INTRODUCTION associated control system to achieve the greatest operating

efficiency for the proposed application.
SICN has fabricated nuclear fuel for its parent company

COGEMA for over 30 years. Through its fuel fabrication C. Annealing
activities. SICN has developed ,pecialized capabilities in
machining, welding and non-destructive examination for the Annealing is performed at 1500 0 C in large capacity
fabrication of precision components. (500 x 600 x 900 mm) highly exhausted vacuum furnaces.

Following a detailed des( ription of the activities and
resources of the company. examples of unique fabrication D. Non destructive examination

technologies will be provided. SICN uses five methods of non-destructive examination:

II. SICN ACTIVITIES
x-ray gammagraphy to detect deep defects

SICN has worked with a wide variety of materials and (NASA agreement).

alloys in fabricating precision mechanical components : the dye or fluorescent penetrant test to detect surface defects

entire gamut of stainless steels, aluminium, tungsten. (NASA agreement).

titanium. tantalium, magnesium, zirconium, uranium and ultrasounds to detect deep and surface defects.

inconel as well as graphite and ceramics. dye penetrant test to detect leaks.
calibration control : automatic. three-dimensional

In addition to its expertise in each step of the mechanical calibration benches in air-conditioned rooms are used to
component fabrication process- machining, welding, soldering, check component dimensions.
surface finishing and non-destructive ilispectior- SICN
performs all fabrication activities in accordance with stringent E. Sinfcie'finishing

quality assurance requirements. SICN uses the physical vapor deposition (PVD) process

I11. FABRICATION TECHNIQUES on a machine of its own fabrication to deposit a very thin
layer (less than 10 microns) of metal, alloy or composites on

SICN uses a %, ide variety of fab-jication techniques for the surface of a component to increase its resistance to wear.

numerous different applications, from the nuclear industry to among other purposes.

spac c programs. from the defense sector to aeronautics. The plasma jet process is also used to spray metals,

A Mat hining refractory metallic oxides. carbides. nitrates and borates onto
the component's surface to increase its resistance to friction, to

"The equipment used for precision mechanics is of prime create a thermal barrier.
importance and mu.-t be constantly updated to reflect the
,L stest developments.
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IV. SPECIFIC PRODUCTS

A. Structural components for frel elements

SICNK the sole fabricator of gas-cooled reactor (GCR) fuel A dye and fluorescent penetrant test, for which SIC N
in Continental Europe, has supplied approximately two obtained NASA certification, is performed on the half spheres.
million magnesium clad fuel cartridges. A special dry The test is a highly accurate means of detecting metal
finishing process and a TIG-electron beam welding machine cracking.
were developed to machine and assemble the magnesium fuelcarniges.The halt spheres are cleaned and their joint edges are
cartridges. chemically scoured before being welded.

With the start-up of first fast breeder reactors, SICN was
called upon to participate in the fabrication of fuel for this A rigorous quality assurance system applies to all
reactor series. SICN has supplied precision structural fabrication operations. Before equatorial welding can be

components in stainless steel for Phenix reactor fuel. performed on the half spheres, welds must be performed on
including the upper and lower nozzles . the upper neutron test pieces and analyzed for integrity. After the half spheres are
shielding, and the hexagonal fuel cans. welded, weld quality is inspected by x-rays.

Fuel mock-ups were made and prior to fabrication, special Final non-destructive examination of the finished product

benches were set up for automatic ultrasonic inspection. TIG includes dye and fluorescent-penetrant testing of the weld, weld
welding of fertile fuel pins, and electron beam welding of the x-rays as required by contract, and a helium leak test. SICN 's
lower nozzles of the fuel assembly. x-ray examination procedures have also been certified by

NASA.

SICN also fabricates standard components for pressurized
water reactor (PWR)- fuel elements, including the stainless
steel end fittings and the inconel springs. The electron beam
welding system and the three-dimensional calibration system
were automated to fabricate the end-fittings. which require an
average of 1,500 measurements per piece.

B. Liners

The liner is a critical component of complex propulsion
systems used for rockets and satellites.

The liner envelopes the pressurized tanks and is an integral
part of their structure. With a lifetime of approximately 100
seconds to 10 years. depending on whether it is part of a J
booster rocket or a satellite, the liner must have a high degree
of reliability under all conceivable circumstances.

The production blank is delivered to our facility by the
client. The blank, first, undergoes visual examination, then
measurements checking. The half spheres of the blank are
mechanically prepared on a conventional lathe.

A digitally-controlled lathe with integrated production
control is used to machine the outer surface of the half spheres
to 1 millimeter. The inside of the blank then undergoes the
same operation.

The half spheres are annealed under vacuum using a
centering piece for rounding. The final machining of the half
spheres is then perforareo with a digitally-controlled lathe.

LINER
The ends and the frame of the liner are machined with a

conventional lathe. In the final machining operation. the ends C. Conponentsfor experimental equipment and
are pierced with a digitally-controlled boring machine. srienfific research

The liner is approximately 620 millimeters in diameter and The Large Electron Positron Collider (LEP) is the large
1.2 millimeters thick at the equator. which must be verified by machine of the CERN and will likely remain the largest
geometric measurement control. collider in the world for some time to come.
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One of the technologies used in the LEP is radio-frequency. one heater cable brazed at the outer periphery of the
The LEP collider is circular and the loss of energy by middle of the tube.
synchrotron radiation is compensated by super-conducting two magnetic coils winded on and insulating material.
radio-frequency accelerating cavities. The energy needed to Both devices enable the tuning of the fondamental
accelerate the electrons and positrons and to replace the energy frequency through modification of the length of the Ni tube
lost by synchrotron radiation is transmitted to the circulating (wave length variation through thermal and magneto-striction
beam from these cavities. effects).

C.] RF Couplers SICN is currently producing 150 RF couplers, 300 HOM
couplers and 300 tuners for the LEP project.

RF couplers are also called "main couplers". The radio-
frequency coupler is the interface between the RF emitter and D. Instrumented test equipment
the super-conducting cavity. The main coupler is made of a
niobium-copper double casing stainless steel pipe connected at SICN has been involved for a number of years in the
one end to the vacuum tank and at the other end to the cavity design and fabrication of instrumented equipment used in
antenna connected to a ceramic window. The length of the research reactor cores to study, for example, the behaviour of
antennna introduced inside the cavity is adjustable. new fuel when exposed to radiation.

SICN makes the couplers out of stainless steel, copper
and niobium, precision machines and welds them by TIG The systems are instrumented poles with numerous
process for the stainless steel materials or by brazing under temperature. pressure and vibration sensors. Special measures
vacuum for the junction Cu/Cu or Cu/Stainless steel, must be taken during their fabrication particularly with respect

to the density of the connections, precision machining using
C.2 HOM Couplers micro-mechanical techniques. and precise welding and

soldering.
The high order mode couplers extract the radio-frequency

current lost by the beam inside the non-accelerating areas of V. CONCLUSION
the cavities. The HOM coupler is made out of niobium and
stainless steel. As extremely difficult area, from a fabrication The fabrication of precision mechanical components
point of view, is the vacuum brazing of the niobium-stainless requires special skills in the metallurgical. metallographic.
steel junction. machining, welding, surface finishing and non-destructive

examination fiels. The equipment necessary to achieve the
C.3. Tuners required level of precision, of technical excellence and of

production throughput is one of the keys to success and it
SICN also fabricates components associated with super- must be constantly updated to take advantage of progress in

conducting cavities, called TUNERS. the field of precision mechanics.
This component enables the tuning of the cavity ot its

fundamental resonant frequency. Each anchorage part consists The more complex the component. the more indispensable
of an assembly of concentric tubes welded together and the skills of machining, assembly and quality control. SICN
mounted on a core to allow positioning of the cavity. Between has created a team where all these skills are present under the
the tubes a path is created for helium flow. The two other -same roof.
main devices belong to the Ni tube : May 1993

RF COUPLERS HOM COUPLERS
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Measurements of Higher Order Modes in 3rd Harmonic RF Cavity at
Fermilab

C. M. Bhat

Fermi National Accelerator Laboratory'
P.O. Box 500, Batavia, IL 60540

Abstract II. MEASUREMENTS OF THE SHUNT

We have measured the R./Q for several higher order modes IMPEDANCE OF THE CAVITY

of the modified CERN 159MHz RF cavity up to 1.5GHz MODES
using bead-pull as well as stretched-wire methods. The
data have been compared with the predictions of 2D code In the past, mainly two different methods have been
URMEL. Attempts have been made to investigate coupled- suggested3 ,4 to measure shunt impedance of the resonances
bunch instabilities that can arise from higher order modes of an rf cavity : 1) field perturbation method and 2) wire
of the cavity with the beam-on conditions. No resonances measurements. The principles of measurement for these
of the third harmonic cavity below 800 MHz were found to two methods have been outlined below. In practice both
give rise to any noticeable beam instability, of these methods have merits and demerits.

I. INTRODUCTION A. Bead-Pull Method

The R,/Q of an rf cavity resonance is related to the shift
Recently a focus-free transition crossing rf system has been in its resonance frequency ý1 arising from a conducting
implemented at Fermilab Main Ring (MR) to reduce the sphere placed in the magnetic field-free region of the cavity
beam loss and emittance growth related to the transition and is given by3 ,
crossing. The details of the principle of this technique, as-
sociated hardware and software are described elsewhere'. R, 1R. 6! 4 dz} 2  ()

One of the main components of this system is a modified Q -27rf fL 3 o6VM(

CERN RF cavity (sometimes called a third harmonic rf
cavity ) which has unloaded Q of about 36000 for its fun- where f. is the resonance frequency of a cavity mode. Q is
damental mode (at 159MHz). Predictions made using 2D determined for the unperturbed resonance. L is the length
rf cavity code URMEL 2 for this cavity structure suggested of the cavity. 6 vM is the volume of the conducting sphere,
that there should be many higher order modes with con- c. is permitivity of free space. U is obtained by measuringf
siderably large values below 1.5 GHz. Hence one of our the phase shift of the transmitted signal from the cavity
primary concerns was a coupled bunch instability of the due to the perturbing object. If the phase of the unper-
beam that would be induced by the third harmonic rf cay- turbed cavity mode is set to zero then the frequency shift
ity if it is used in the beam along with other MR 53 MHz rf is related to phase shift 0 by5 ,
cavities. Before installation of the third harmonic rf cavity
in the MR a study of the cavity shunt impedance (R,) was 1
made. The measurements have been made by two inde- f -- an6b (2)]

pendent methods which are outlined later and carried out Thus in an R,/Q measurement the phase shift 0 is mea-
under two different conditions viz, with tuner unbiased and sured as a function of the position of a conducting metallic
biased. After installation of the third harmonic rf cavity bead along the axis of the cavity and used to determine the
in the Main Ring, studies have been performed with the integrand of Eq. 1.
beam. In our measurements a copper spherical bead uf vol-

Here we report our bench measurements of R,/Q for ume 0.113cm3 was attached to a nylon thread and was
third harmonic rf cavity higher order modes below 800MHz pulled along the axis of the third harmonic rf cavity.
and a search for coupled bunch MR beam instabilities due The motion of the bead was controlled using an auto-
to these cavity modes. mated motor system6 . The velocity of the bead was about

"Operated by the Universities Research Association, under con- 3.54±0.30cm/s and synchronized with a network analyzer
tracts with the U.S. Department of Energy sweep time. Sitting on a particular resonance of the cavity,
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magnitude of the S21 phase 41 was measured with a zero Table I. A comparison of R,/Q of third harmonic rf cavity
frequency span on a HP8753C 300kHz-3GHz Network An- resonances measured* using bead-pull and stretched-wire.
alyzer. The cavity was excited with a very weak signal. The measurements were done for loaded cavity (with a
The data were digitized to evaluate the integrand in eq. ferrite tuner and power amplifier coupling loop).
(1). The results of the measurements are tabulated in Ta-
ble I. One of the limits of the bead-pull measurements is
that it can be used only for strong resonances. Tuner f. Bead-pull Wire URMELO

Bias (MHz) R,/Q R°/Q R, /Q

B. Stretched- Wire Measurement (Amp) (0) (0) (Q)

In this technique a situation quite similar to beam-on con- 00 159.095 255 457 179

ditions is generated by inserting a thin Wire along the axis 419.920 30 56 11.5

of the cavity and sending wide band-width high frequency 561.285 44 8 20

TEM signals through one of the ports. To reduce the re- 721.007 4.9 1325 2.
flection due to step transition from 500 transmission line 776.836 16.2 6.22 7
connection to the beam pipe, a matching resistor of an
appropriate value is introduced in series with the wire at 300 159.040 315 318
both ends. Then the impedance of the cavity mode can 419.618 29 51
be obtained4 by measuring the amplitude of the scattering 561.265 56 8.27
parameter S2 1=(1+0.0lR,)-1 which depends on the re- 721.020 4.5 119
flected signal at port 1 and the transmitted signal at port 776.762 7.0 5.47
2 of the stretched-wire insert system. In order to remove
the effects arising due to attenuation of the cables and to
correct for the path length, measurements have to be done The statistical error in R,/Q for bead-pull measurements
with a reference device. Thus the shunt impedance of a was about 10%.
cavity mode is given by4 , t URMEL calculations were made for unloaded cavity.

1 I § The large value of R,/Q value for this resonance is com-
R, = 2 Ro(s 2lde- S2-re T (3)]. ing from errors in Q measurements.

where Ro = 50P. The quantities S21dev and S21ref are mea-
sured for the device under test and the reference device. A
critical survey of the wire measurements of impedance has CHI S 2 1  1.9 MAC S d8/ REF -38. 04 d8 & -40. 233 dD

been done earlier 7. 1 1 728. 05 9 M

In the case of the third harmonic rf cavity the beam C., MAR4 ER 4 -.

pipe radius with the copper sleeves1 wasa a.i di n ah7:.;v•

sleeves shrink-fitted had a slant starting at about 2in from e .'V ; M

the nosecones. The acceleration gap was about 4.33in. I -'"
A stretched-wire system was designed with a 10 mil wire
and length of 8.5 in. The wire was supported using two -

.25in dia G1O rods. The characteristic impedance of the - ,,,• I
beam pipe with the wire was 359f. Two matching resis-
tors of 300f2 were used in series with the wire one at each - -.. _
end. A 5002 matching for the SMA connector was obtained
by using four 22012 resistors in parallel and symmetrically
placed at both ends of the wire. An alluminium cylinder - - -

of 4.Oin inner dia and about 14.Oin length with one of its ,
end slanted to tight fit to the sleeves-slant was used as a START 5.000 000 Mtz STO 1 300. 000 W°.

reference device.
Using the network analyzer S21 calibration measure-

ments were made with the test device. Then the wire Fig. 1. S21 stretched wire measurements for third harmonic
assembly was slid in between the acceleration gap of the rf cavity. For high Q resonances a frequency shift by few
cavity without disconnecting the cables. The R,/Q de- MHz is seen.
termined by this method for resonances below 800 MHz The R,/Q measured by these two methods are consider-
are compared with the bead-pull measurements in Table ably different for tuner unbiased and biased. In the case of
I. The higher order modes of the cavity up to 1.5 GHz are wire measurements, the observed cavity Q- values are low-
shown in Fig.1. ered because of the presence of the conducting wire along
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the axis of the cavity. Also a large amount of resonance 3. L.C.Maier, Jr and J.C. Slater, J. Appl. Physics, 23,
frequency shift is observed. Hence the present measure- 1, 951 (1952).
ments had a large systematic error. A recent' similar wire
study on a simple pill-box cavity also found to show similar 4. G. Jackson, " Review of impedance measurements at

results; 1-2% frequency shift and measured R./Q differed Fermilab", Proc. of Fermilab III Instabilities Work-

by about 20-30% from the analytical solutions. However, shop, June 1990, page 245.

the wire-measurements offers a nice technique to simulate 5. F. Casper and G. Dome, "Precise perturbation mea-
beam on conditions during the bench tests. Our mea- surements of resonant cavites and higher order mode
surements with bead-pull had small errors and were re- identification", CERN SPS/85-46 (ARF).
producible within about 10%.

6. K. Harkay, private communication.

III. BEAM-ON STUDIES OF THE 7. P.L. Colestock, private communication.

THIRD HARMONIC RF CAVITY

Ideally one would like to damp all unwanted modes of
a cavity to reduce the coupling of the beam with cavity
modes which causes beam instability. Here we have inves-
tigated the effects of higher order modes of the third har-
monic rf cavity on the MR beam. The measurements were
carried out in two steps. First, each of the beam-excited
cavity modes up to 1.0 GHz were identified using a spec-
trum analyzer. Here the beam signals were observed using
one of the gap monitors of the third harmonic rf cavity.
The pattern of the beam excited resonances were similar
to the one shown in Fig.1. Then, sitting on a resonance
the growth of amplitude of a mode corresponding to the
one detected in the cavity was monitored as a function of
acceleration cycle time. The beam signals from a 2GHz re-
sistive wall pickup system were used for this measurement.
During this time the spectrum analyzer was triggered on
the accelerator clock event at the beginning of the acceler-
ation cycle. This was repeated for each resonance given in
Table I for two different beam intensities viz.,0.9xl010ppb
and 2.0xl 10 'ppb. We found no modes that show consider-
able growth indicating none of the third harmonic rf cavity
higher order resonances have significant effects on the MR
beam during normal operation at these intensities,
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POISSON/SUPERFISH on PC Compatibles*

James H. Billen and Lloyd M. Young
Los Alamos National Laboratory

Los Alamos, NM 87545

Abstract The User Interface
We have adapted the POISSON/SUPERFISH codes to run on AUTOMESH, the first code run on a problem, uses
486 or 386 PCs. The PC version includes features not found NAMELIST input. We retain the CON array as the method
in the standard version, including programs for automatically for codes to share information. The PC version allows entry
tuning RFQ, DTL, and CCL cavities; a complex version of of more variables (including most CON elements) in the
the rf field solver; memory allocation for temporary data; NAMELIST file. CON element input is truly free-format and
many line regions for dividing the mesh into fine or coarse the codes check and warn of possible errors in input values.
sections; full support for multiple-cell DTL cavities; plotting New CON elements control the field normalization, surface
of resonance-search and transit-time data; and on-line resistance, and accelerated particle mass in SFO. Some CON
documentation. We modified AUTOMESH to generate self- elements cannot be changed by the operator, and others can
consistent logical and physical coordinates. This new, more change only in appropriate codes. The codes prevent user
robust code greatly reduces the number of crashes in input of unchangeable CON elements. For example, boundary
LATTICE caused by ill-formed mesh triangles along conditions must not change after program LATTICE. The
boundaries. The codes solve arbitrarily large problems. Each starting frequency can change in AUTOMESH, LATTICE, or
program allows free-format entry of CON array elements, and FISH, but not in post processor SFO. Output files list CON
provides error checking of user entries. Standard release 4 values used in their respective programs and show where the
now uses our root finder and convergence criteria.1  user last changed a value.

Introduction AUTOMESH
In 1985, one of us (Young) adapted the Cray version of these AUTOMESH lists logical coordinates along boundaries for
codes to run on IBM-PC-compatible computers. He improved LATTICE. Integer coordinates K,L describe the logical
several algorithms that gave trouble in the original version. overlay mesh and XY are the physical coordinates. Older
In 1992, we modified the codes extensively. The goal was to AUTOMESH routines did little checking for consistency
do larger problems, but we also improved the user interface, among points, sometimes resulting in triangles for which
the field-interpolation algorithm in post processors, and the LATTICE calculates a negative or zero area. We limit
root finder for resonance searches. We added DOS exit error choices for KL for boundary points, line-region intersections
codes, control programs to tune cavities, post processor with the boundary, and points along the connecting path. For
support for multiple-cell cavities, and on4ine documentation. example, all points with identical Y must use the same L, and
We use the Lahey FORTRAN compiler F77L-EM/32. 2 The likewise for X and K. These checks prevent most "negative-
Lahey debugging tools greatly aided our development work. triangle" crashes in LATTICE. Figure I shows a sample

geometry that we use to test AUTOMESH. This "star cavity"
has several challenging features. Sharp comers are often hard
to mesh. Line regions that intersect near a boundary were
usually too much for the old version of AUTOMESH.

A New Root Finder
In SIJPERFISH, resonances occur at slope=-l roots of the
D(k 2) function.3 Wave number k corresponds to frequency f
(k=2rf/c). Subroutine FROOT finds a slope=-I root using
polynomial approximations. The original root finder, though
used for many years, was not very robust. Occasionally, it did
not converge to the nearest mode and sometimes could not
find a mode at all. It stored D(k 2) and k 2 at each iteration, but
sometimes it swapped a new point with a previous point. It
never used new data to update the slope of previous points.
Derivatives of D(k 2) were usually wrong because the

Figure !. A "star cavity" to test the AUTOMESH code. calculation used adjacent points in unsorted arrays. Because
it made little use of these derivatives, SUPERFISH usually

* Work supported by the U. S. Department of Energy. converged to a resonance near the initial frequency. Our new
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version of the FROOT subroutine sorts the data by k2 and mode, the function barely crosses zero and challenges the root
recalculates first and second derivatives after every iteration. finder. The new FROOT never failed to find a nearby mode
It analyzes the data to place upper and lower bounds on the for a wide range of starting frequencies. For example, it
location of the desired root. Taking a smaller first step toward found the 1140-MiHz mode for 12 starting frequencies from
resonance gives a more reliable estimate of the local slope 1139.3 to 1140.4 MHz. The old version found this mode only
and reduces the chances of missing a mode where the when the starting frequency was within 40 kHz of resonance.
function has a narrow local minimum.

After four or more iterations, FROOT selects three points for Convergence Criteria

a parabolic interpolation. Carefully chosen points speed For convergence to a resonant frequency, SUPERFISH

convergence to the root. We use the last chronological point requires that D(k2) is small enough and has the correct slope:

and lower or upper bounds, if available. Other points must be JD(k 2)1

adjacent to or between the bounds. Given a choice, FROOT <E) ; < __ ; and -1.02 < dD
favors points with slope close to -1. With only two points, the k k d- <

code examines the two parabolas that go through both points
and have slope equal to -I at D(k 2)--0. It picks the k2 within The convergence parameter s is typically 0.0001, and 8(k2) is
the current bounds. If parabolic approximations fail to find a the next proposed change in k2 after an itvAtion. Standard
new k2 consistent with the upper and lower bounds, FROOT versions of SUPERFISH through version 3.0 used only the
uses one of several contingencies that give more information second of these criteria. The code did not actually require a
about the local shape of the function. small D(k2) and it did not check for a negative slope. Newer

releases of the standard version use our convergence criteria.
Failure to check the slope is not a problem unless the starting
frequency is near a positive-slope root. After one iteration, the
code does not know the slope. LATTICE initializes the slope
to +1, forcing a second iteration. If the starting frequency is
known to be near resonance, then the operator (or a control

-_ _program) can set the slope to -1 to allow the code to converge
in only one iteration.

Figure 2. Electric field lines for the lowest n mode of a
three-cell cavity. The left edge is a symmetry Large Problems
plane and r = 0 is at the bottom of the figure. Mesh dimensions in the SUPERFISH codes can be as large as
The dot at left shows the drive-point location, the computer resources allow. The original codes were new

We tested the new root finder on many cavity shapes, when memory was scarce, so they shifted and masked bits to
sometimes deliberately placing the drive point in unfavorable store multiple pieces of information in one computer word.
locations. Figure 2 shows electric field lines for the 499.58- The "INDEX" array allotted 5 bits for region numbers and 15
MHz n mode of a three-cell coupled cavity. Close proximity bits for the mesh-point counter. In all, INDEX stored seven
to the zero mode, 3.7 MHz lower in frequency, was a problem items for each point. The PC codes eliminate mask and shift
for the old version. The new code always found the nearest operations. We use a four-byte integer array for the mesh-
mode for 60 starting frequencies between 490 and 505 MHz. point counter, two-byte integer arrays for region numbers,
FISH makes a plot file of mode-searches and frequency-scan and one-byte integer and logical arrays for other data
data. Figure 3 shows such a D(k2) plot over some higher- previously coded in the INDEX array. (Standard version 4
order modes of this cavity. If the drive is in weak field for a now uses a similar strategy.)

8 FISH and POISSON run faster if the mesh is fine only where
it needs to be. AUTOMESH allows many divisions in the
mesh, called line regions, for changing the mesh size. Figure
4 shows fields from an example calculation for an entire drift-

D tube linac tank. The dot above the sixth full drift tube from

0 the left is the location of the drive point. The mesh had about
130,000 points. The mesh resolution near the curved surfaces
on drift tubes was about one-fourth of the radius of curvature.

.4 For this problem, an iteration took 35 minutes on a 66-MHz
1100 1150 1200 1250 1300 486 computer. Allocating memory for temporary arrays also

Frequency (MHz) speeds execution. While solving the tri-diagonal matrix,
program FISH stores data for each mesh row, which it later

Figure 3. The function D(k 2) plotted versus frequency reads back in reverse order. Instead of storing this data on
over the range of 5 higher-order modes. disk, the program can use available memory. For the problem
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Figure 4. Electric field lines in an 11 -cell drift-tube linac. The cavity design includes a ramped field. This calculation
used only 130,000 mesh points. Mesh spacing near the drift-tube noses was 25% of the radius of curvature.

shown in Fig. 4, the computer had insufficient memory to Dirichlet horizontal boundaries and Neumann vertical
hold the temporary data arrays, so the program wrote them to boundaries Er is zero. The code constrains the electric field to
a 120-megabyte disk file. be normal to sloping Neumann boundaries.

Post Processors New Programs

Post processor codes include SFO, SF7, and VGAPLOT. SFO CFISH is a version of FISH that uses complex fields. It is
calculates parameters of interest to the accelerator designer, useful for designing rf windows and calculating power losses
such as axial field integrals, transit-time factor, power in dielectric and magnetic materials. Post-processor codes
dissipated on metal surfaces, shunt impedance, and frequency SFO, SF7, and VGAPLOT are compatible with both real and
shifts from perturbations. SF7 interpolates electric and complex versions of the code. VGAPLOT shows the real and
magnetic fields on lines, arcs, and rectangular grids. imaginary field components in different colors. AUTOFISH
VGAPLOT is the SUPERFISH plotting code. Figures 1, 2, is a combined version of programs AUTOMESH, LATTICE,
and 4 in this paper were drawn by VGAPLOT. FISH, and SFO. It saves time because it loads only one

We added new code in SFO for multiple drif -tube linac cells' program and avoids several disk reads and writes.

The code calculates transit-time integrals for all cells and DTLFISH, MDTFISH, CCLFISH, and RFQFISH are control
power and frequency shifts for single or multiple stems and codes for tuning DTL cells, multiple-drift-tube cavities, CCL
post couplers. SFO also now has more field-normalization cells, and RFQ cavities. An input file may contain starting
options. For example, the designer can specify a value for parameters for many problems. These programs set up the
either E0 or EoT. The code can calculate if surface resistance cavity geometry and run the SUPERFISH codes repetitively,
R, for normal or superconducting materials, or the user can varying the cell geometry to tune each problem to within
enter a known value of P3. SFO includes an option to write a tolerance of a specified frequency. DTLFISH and CCLFISH
plot file of the transit-time integrands. assume symmetric half cells. DTLFISH adjusts either the

The field-interpolation algorithm in SFO and SF7 is new. tank diameter, drift-tube diameter, gap, or face angle.

The old version selected points poorly, resulting in large CCLFISH adjusts the cell diameter, septum thickness, gap, or

point-to-point fluctuations along lines. The new algorithm cone angle, it also tunes buncher cavities and quasi-elliptical

first finds the mesh triangle containing physical point xo,yo at cavities. MDTFISH tunes DTL cavities by varying the tank

which it will calculate fields. The area of this triangle is k. It diameter or the average drift-tube gap. Drift tubes have the

fits a doubly quadratic polynomial to first and second nearest same diameter and nose radii, but can have different face

neighbors of xo,yo. The least-squares fit weights points by angles. Output includes the distribution of E0 . RFQFISH

their physical proximity to xo,yo. Points within a range ýA'K tunes an RFQ cross section by varying cavity volume or the
shape of the vane tip.

have unity weight. Other mesh points x,,y, have weight W s
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Radio Frequency Measurement and Analysis Codes*

James H. Billen
Los Alamos National Laboratory

Los Alamos, NM 87545

Abstract Er, and H,. The designer most often is interested in E0, the
This paper describes a comprehensive set of computer codes average axial electric field. For a cell of length L:
for measuring, analyzing, and displaying field distributions in r½
rf cavities. Development work began in 1984 for 8086-based E0  f E dz.
computers. The codes now run on 486 and 386 PCs and L -_2
include extensive on-line documentation. BEADPULL and The RFQ accelerator operates in a TE210-like mode. The
QUADPULL collect frequency shifts as a metal or dielectric TE210mode cannot exist in a pillbox because metallic end
bead traverses a resonant cavity at constant speed. walls short out the transverse electric field. The lowest-
QUADPULL measures fields in all four quadrants of radio- frequency TE21 pillbox mode is the TE211 mode. However, a
frequency quadrupole (RFQ) cavities. Analysis codes apply mode resembling TE210 exists over most of the RFQ length
the Slater perturbation theoryl to convert frequency shifts to because the RFQ vanes do not touch the end walls and vane
fields. BEADPLOT plots the field distributions and calculates undercuts permit magnetic field lines to wrap around the
field integrals. DTLPLOT analyzes and plots BEADPULL vane ends into adjacent quadrants. For the RFQ we also seek
measurements in drift-tube or coupled-cavity linacs. information about fields near the beam axis. With no vane-tip
QUADPLOT does the same for QUADPULL data in RFQs. longitudinal modulations, the only component of the electric
Supporting programs prepare design data for comparison field is Er. This radial field focuses the beam. Vane-tip
with the measurements and compute averages of multiple modulations make a nonzero E, component that bunches and
measurements. COUPLING extends the accuracy of an accelerates thebeam.
impedance analyzer for Q and VSWR measurements. The
code plots reflection coefficients on a Smith chart and Perturbation Measurements
analyzes the resonance circle to get P. Figure 1 is a bead-perturbation measurement showing the

Introduction relative distribution of axial electric field in a DTL cavity. All
figures in this paper are pictures of a computer-code display.

The measurement and analysis code package includes more A small metallic or dielectric object (the "bead") displaces
than 25 programs for characterizing the fields in to electromagnetic stored energy, causing an observable
accelerator cavities. Analysis codes compare measured data to frequency shift. This frequency shift is proportional to the
design data from SUPERFISH2 or from REQ design codes, original amount of stored energy within the bead volume:
Measurement codes use Hewlett Packard (HP) instruments to 8f -U
record the field distribution in a resonant cavity. The codes f U
communicate with instruments on the General Purpose where f is the resonant frequency and U is the cavity's total
Interface Bus (GPIB), which is the common name for the MTIAS•C 417.23t4. *ft•/v 05/01/q3 07 59:43

communications protocol defined in ANSIIEEE Standard 'n'... ,. ,,,.o5 k" . -.lo ooo 0,D

488-1978. Our GPIB hardware is from National Instruments *o.
Corporation. 3  We compile GPIB codes with the Lahey 0.06_
FORTRAN compiler 4 F77L and link the codes with a .. 00

National Instruments object module that addresses the GPIB -o 0 -

hardware. Analysis codes use Lahey's F77L-EM/32 compiler. C.o02

Debugging tools from both Lahey and National Instruments _ _ _ __00

proved invaluable for the development work. -o
0-0.02

Accelerator Cavities o -

Many accelerators use cavities that operate in a TM010-like
mode. The TM 01o mode in a "pillbox" (a right circular - 7°"-'i LJLJULJL-JjL--------J-J•-L-LJL --
cylinder) has two nonzero components of the electromagnetic -ooe'"""i i" I ii i I'1

field: Ez and H*. Higher-order pillbox TM01, modes and

TMo1o cavities like the drift-tube linac (DTL) and the AT-I Position
coupled-cavity linac (CCL) have nonzero components of Ez, Figur .Figure 1. Program BEADPLOT display of a BEADPULL
* Work supported by the U. S. Department of Energy. measurement on a 17-cell DTL.
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SSS(1 3,278 H• m 06• t /24/02 0847"41stored energy. Since U is proportional to the square of the I T, .. ..I' I I .......

electric or magnetic field, this effect offers a way to measure 1

the fields in the cavity. This Slater perturbation method dates -

back to the 1940s. For spherical bead shapes: N

f = f-fA = (sE2 ±H2

whee heinegalis 4U 2 )d
where the integral is over the volume of the sphere, U is the -
total cavity stored energy, H is the magnetic field, E is the -s -.
electric field, and fo is the unperturbed frequency. Electric Q-
and magnetic terms shift the frequency in opposite directions. I .
A bead in predominantly electric field lowers the cavity
frequency and a bead in the magnetic field raises the ,

frequency. -8.1 8 8 8 8 8

Axial Bead-Perturbation Measurements AT - I Position
L03 NOa

For DTLs and CCLs the path of the bead is the axis of the Figure 2. Program BEADPLOT display of a QUADPULL
accelerator. The bead is a small metal sphere attached to a measurement in one quadrant of an RFQ.
thin nylon monofilament line. A system of pulleys keeps the
line taut and guides the bead through the cavity at constant quadrupole pattern off axis. Four measurements, one in each

speed. Program BEADPULL records at regular intervals the RFQ quadrant, quantify the dipole and quadrupole field

small changes in the cavity's resonant frequency. The data are admixture. Program QUADPULL has all the features of

voltages from a double-balanced mixer measuring the phase BEADPULL plus the ability to measure all four RFQ

shift between the rf drive and a pick-up probe in the cavity, quadrants in a continuous loop. It inverts the data for the two

This phase versus frequency has a negative slope. Lower quadrants in which the bead travels in reverse. Figure 2

cavity frequency produces a positive phase signal as shown in shows frequency-shift data for one quadrant of the SSC

Fig. 1 for a 17-cell DTL. The baseline signal for no RFQ.5 Dips in the curve are magnetic field enhancements

perturbation occurs at -0.065 volts. BEADPULL supports near slug tuners. The bead passing close to ribbed vacuum

many combinations of instruments and instrument settings. ports made the double peaks. These features do not appear in

The program controls the rf output level and modulation level the electric field near the vane tips.

of the HP 8660C/D synthesized signal generator. The Analysis Codes
operator can run the motor manually, or the program can run
it through a HP multiprogrammer. The code starts and stops The two main analysis codes are DTLPLOT for DTL and

the bead at locations of mechanical or optical switches. CCL data and QUADPLOT for RFQ data. Both codes allow

BEADPULL has measured DTL cavities whose hardware is user control of the ordinate scale, and can compare

inaccessible, for example under vacuum and at cryogenic measurements to one another or to design fields. Programs

temperature. The program's main menu is a scrollable table DTLAVG and QUADAVG calculate averages of multiple

containing setup values and options. The edit keys move a measurements on the same cavity.

selection bar through the menu. Analysis of DTL and CCL Measurements

Bead-Perturbation Measurements in RFQ Cavities DTLPLOT analyzes axial bead-perturbation measurements

Measurements on or near the RFQ axis are impractical for on DTL or CCL cavities. For each cell the code finds the

several reasons. Axial measurements provide no information maximum field Epe,. the average field E0, and an integral of

about the quadrupole and dipole admixture of the field the frequency shifts proportional to stored energy. Figure 3
distribution. Also, small spacing between vane tips makes the illustrates an accurate way to compare a measured field

alignment of the bead path critical. Slight alignment errors distribution to a desired distribution. It uses data from
produce larger effects than those we are attempting to DTLNORM, which predicts E and E0, from peak shapes
measure. Finally, fluctuations caused by the vane-tip calculated by SUPERFISH. DTLNORM integrates the design
modulations dominate the measurement. Tolerances on the fields over the bead volume so the predicted fields include a
vane-tip machining guarantee the correct field pattern if the correction for the nonzero size of the perturbing bead.
voltage distribution along the vanes is correct. Therefore, we DTLPLOT divides measured peak heights by predictions of
infer the electric-field distribution from a measurement of the E, for the desired Eo in each cell. DTLPLOT also can
magnetic field near the cavity outer wall. One RFQ-tuning correct for changes in the peak heights caused by the
goal is a pure quadrupolar field pattern. Differences among differences in gap length that occur when adjusting the end
quadrants mix dipole-field components with the half drift tubes for tilt-sensitivity measurements.
predominantly quadrupole field, effectively shifting the
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Ft. 0-,000 MHz Cobb; 411434 WVr L - W". 0.o k", other linear combinations of le field components, a
Ft .03-X* 44 0)0 IOf~ 0.2354 t• .. dil3dd -1 o . .. . "zero" component used as an error indicator, or the difference

102.0 I I I I ' ' between the quadrupole component and a quadrant field.

101.5 Quadrant fields F,(z) through F4(z) are numbered

Sio.o -/counterclockwise as viewed from the low-energy end of the
0 RFQ. The quadrupole, dipole, and "zero" components are:VJ 100.5 / • L

FQ= -(F + F2 + F3 +

FDI = (F1 -F 3 )

ED 2 =j-(F2 - 4 )
S•q. 08.:_ •Fz = (F1 - "F2 + F3 - F4)

Fields F,(z) are positive functions of longitudinal position z.
ý0 .0 O 1 o2 v Adjacent quadrants have opposite phase. Lloyd Young's RFQ

AT-1 Cell Number tuning code6 reads QUADPLOT data to compare with a
LCoel Num theoretical description of the fields.

Figure 3. Program DTLPLOT display of E0 relative to the
design distribution. Other Programs

Analysis of RFQ Measurements Program COUPLING controls the HP 4191A impedance
analyzer to measure reflection coefficients versus frequency.

DTLPLOT analysis requires no user input other than From an analysis of the resonance circle in the complex
configuration data from a file used with all measurements on plane, the program extracts the resonant frequency, the
the same structure. QUADPLOT uses an interactive graphics voltage standing wave ratio, coupling 03, and the unloaded Q.
session to fit a baseline to data outside the cavity and to locate It displays Smith charts of the measured data. PCFIELDS
the ends of the rf structure. The code displays the data with analyzes the magnetic field distribution near post couplers in
several markers that the operator manipulates with the edit DTL cavities. LANLHELP displays documentation on the
keys. After the first setup, the program usually places the screen. Its companion program DOCUMENT formats and
markers correctly for subsequent measurements. The code indexes the documentation for hard copy.
then only needs confirmation to continue. This procedure
lines up the four separate measurements for combining the Acknowledgments
fields to obtain quadrupole and dipole components. Many users of these codes have provided helpful suggestions

W2760 ... o MH. C4/112 14,,s, •.•. o..,for improvements. I am especially grateful to Don McMurry,

P , q0,•9 • out . 0 45 Lloyd Young, and Dale Schrage. Don McMurry also wrote
140 -T7-T- T-.--,-- software for the HP multiprogrammer used with the PC data-
120 r acquisition codes.
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Progress on RF superconductivity at Saclay
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Abstract One cavity of this type, tested in the same laboratory,
We report substantial progress in R&D on superconduct- has reached an accelerating gradient of 28 MV/rn (Fig.2)

ing accelerating cavities at Saclay. after a particularly careful surface treatment involving firing
and titanification at 13000 C during 16 hours in a vacuum

L INTRODUCTION furnace, followed by chemical polishing, rinsing and drying in
The Saclay program of R&D on RF superconductivity has a recently developed automated facility [1].

been actively pursued, aiming at applications in the frame of
the TESLA and "European Electron Accelerator for Nuclear
Physics" projects. The most important issues of this research
are the quest for high accelerating gradients and reduced RF 10" 1321:::::: { f::::::::::::::::::::::::
dissipation. -

11. HIGH GRADIENTS -----r ---
101" _.._7 _L _.:__ ._ ..

The gradients available in superconducting cavities are : 5 :: : :
now limited mainly by field emission. This phenomenon has -------- ----------- r --. -- - .--

-----------r--------------------- I--------- - -been studied on samples, in both DC and RF regimes, with spe ----------- I ---------- ----------- ----------- -----------•-• +
i I I i i "-N

cific facilities. We have confirmed that the electron emission ,0'- _-- ------- - -:::::::::::::::::::::::::::~:::: E.NCH
in cavities is mainly due to micron sized dust particles. Selec- : :-::--:::- 21.4MV/rm

---------- ........ 4- - I--------- 4-- ...... : --

tive contamination experiments showed that metallic particles . --------- --------- ---- --- ------- ----------
-.-L.----------------------. .-----.-- - -.--- -

behave as especially strong emitters. Greater care in cavity _1 - -_

cleaning and mounting have in fact resulted in an improve- o0o 5s 0 0 .M 1.00 20.00 25;00 30M

ment in cavity performance : accelerating gradients as high E(MV/m)
as 18 - 20 MV/im can now be reliably achieved in 1.5 GHz
single cell cavities (Fig.l).

22 before 92 Figure 2 Q value vs accelerating
gradient for the "high gradient" cavity

7 0, sipce 92,

6- I. LOW DISSIPATION
The residual surface resistance routinely obtained in our

Nb cavities is 15 nil at 1.5 GHz. The origin of the associated
4 - dissipation is now understood as the sum of the contribution

due to trapping of the residual magnetic flux during cooldown,
plus a new one due to the polycrystalline nature of the niobium

2 - used for making the cavities. Both contributions have been
studied theoretically and experimentally (2]. This work opens
the perspective of improved Q values for superconducting

0]2 _cavities.
9 11 13 15 17 19 21 23 25 27 29 A Q value of 5.1010, corresponding to a residual surfaceEacc (MV/rn) resistance of 4 nfl, has actually been reached recently with a

l--cell niobitum accelerating cavity at 1.5 GHz (Figs 3,4). This

Figure 1 A large number of single cell Nb cavities at 1.5 is probably the best value ever obtained on an accelerating

GHz has now been tested at Saclay by the "Gomupe d'Etudes cavity in the GHz frequency range. The main reasons for

des Cavitis Supraconductrices". The corresponding this success are improved magnetic shielding and reduced RF
systematics are summarized in Fig.l. It can be seen that losses at the ends of the cutoff tubes. The use of high purity

the latest tests correspond to results significantly better than niobium (RRR 320) may also have played a favourable role.
the older ones. The improvement is thought to be due to We will now try to demonstrate the reproducibility of this

improved cleanliness during cavity treatment and mounting. result, and its validity in a real accelerator environment.
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and an unusually small dependence of Rs vs RF field. If this
----- result can be reproduced in a funl scale accelerating cavity, the

"thin film way" will certainly regain some credibility for the..... • ..... ••__-------.. --...... construction of supercoducting structures.
_ . _ - --,- • ----- . . . ---.. . . .

to" , 7177 V. PROGRESS ON THE

---_ -------___-- ACCELERATOR MACSE
S- -- - A continuous electron beam of 100 1A was accelerated in

.........--- ---- --- -------------- --------- - - --- 4- -----
the MACSE prototype [4], with excellent stability, emittance

, -. :-_-and energy resolution (AE = 7 keV at E = 26 MeV). A
-- ........ --. 4 ... .-. . .distributed RF power scheme (one klystron for 4 cavities)

was applied successfully, without energy spread degradation.
tom 100i.0 1.0 2.0 Mo Pulsed RF processing at moderate power (5 kW) suppressed

E(MV/m) e- loading due to field emission in the MACSE cavities.
The accelerating gradient was then limited by quench at an
average value of 12 MV/m. A gradient as high as 18 MV/m
was reached in one cavity. This is the first time that such
a gradient is obtained with a superconducting cavity in anFigure 3 Q value vs accelerating electron accelerator.

gradient for the "low dissipation" cavity

VL CONCLUSION
These encouraging results confirm that superconducting

cavities are still far from their limits and that the associated
technology can make important progress, toward the construc-

0' --. - -- - .- .. . tion of future large accelerators.
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A new surface treatment for niobium superconducting cavities
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Abstract II. EXPERIMENT
All the firing experiments were done in the EB welding

A condition necessary for the successful performance machine of LMS, at Saclay. Its TECHMETA electron gun
of superconducting cavities is the cleanliness of their inner delivers an electron beam of controllable energy, intensity and
surface. The firing of niobium cavities under vacuum at focusing. The electron beam pencil can be moved and vibrated
very high temperature is known to be a particularly effective across the sample surface by means of suitable deflecting
method for cleaning the surface and for suppressing electron electrodes. The vacuum in the vessel is no better than 10-3 Pa.
field emission. However, this process is inconvenient and
expensive, if it is done in the "usual way", ie in a high The fist firing tests were made on 2rm thick niobium
vacuum furnace. We propose an alternative technique for sheet samples. The sample temperature during firing was
cavity firing, using local heating in an electron beam or laser measured by means of a bichromatic optical pyrometer viewing

welding facility. This treatment is easy, and can readily be the sample through a window in the EB welding machine. The

integrated in the usual process of cavity production. Initial accuracy of the measurement was on the order of ± 1000.
tests at Saclay have given very promising results. In all practical cases, the electron beam dwell time on

one given point of the surface was long as compared to the
characteristic time of heat diffusion across the niobium sheet.

LINTRODUCTION For this reason, we believe that the temperature was identical
The cleanliness of the inner surface of superconducting on both sides of the sheet.

cavities is an indispensable condition for the successful perfor- The first tests showed that any chosen temperature be-
mance of these accelerating structures. The firing of niobium tween 10000 and 20000 C could be reached and maintained
cavities under vacuum at very high temperature is in wide fa- with excellent stability, by a suitable choice of the following
vor in many laboratories for at least two reasons : i) when used parameters : electron energy, beam size, beam intensity and
in association with solid state gettering (e.g. titanification or displacement speed.
yttrification [1]), it permits a purification and a homogenization
of the material, with a subsequent improvement of its thermal The fired samples showed a considerable recrystallization:
conductivity, and a better stabilization of the cavity against starting from an initial grain size of 50-70 pm, the final grain
quenches; ii) this treatment seems to inhibit the activity of the size was as large as I cm for the hottest and longest runs.
microscopic sites where electron field emission takes place. The initial purity of the Nb samples was RRR=200. No
The field emission threshold which limits the accelerating gra- degradation of RRR was observed for the shortest runs (15
dient available in the cavity is then pushed to higher levels. sec), but a significant loss of purity (RRR=50) resulted from

the long firings (15 min), even at very high temperature. This
However, firing is usually done in a high vacuum furnace, is attributable to the fact that residual gaseous species present

which makes the process inconvenient and expensive. There is in the vacuum enter readily as interstitials in the niobium
also a very serious risk of recontamination of the cavity surface lattice at high temperature [2,3]. The important degradation
during the furnace venting, since the cavity is necessarily open observed can then be ascribed to the poor vacuum in the
during treatment. The benefits of the bulk purification of welding machine.
the material are then kept, but the protection of the cavity These considerations led us to protect the niobium before
against field emission may be lost after the treatment. Firing and d onsiderations of a to po r lae ni o sited
of niobium cavities in a high vacuum furnace is thus difficult and during firing, by means of a titanium vapor layer depositedto integrate in an industrial process of cavity production. on the sample surface by sublimation of a joule-h-eated tita-

nium filament Contamination from the residual gases is then
We have explored an alternative technique, which em- confined to the outside titanium layer, and no longer affects

ploys local heating in an electron beam welding facility. The the bulk niobium. New RRR measurements after this treatment
interst of the method lies mainly in its simplicity and its rapid- showed no purity degradation, thus confirming the success of
ity. The local character of the heating may also present some this protection method. In the present experiment, the Ti layer
advantages : for instance, the cavity flanges can be spared could be deposited only on one side of the Nb sheet sample.
during the treatment. This alleviates the need for refractory In this case, there is probably competition between a pollution
flanges, and opens up the interesting possibility of firing closed of the material from the unprotected side, and a purification
cavities. from the titanified one. A real purification of the bulk material
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could be expected from a more careful titanification, covering 1010 without any electron emission. Although we consider this
both sides of the sample. result very encouraging, it must be noted that this gradient and

As compared to the titanification in general use for the Q value had previously been obtained with this same cavity
firing of niobium cavities in high vacuum furnaces [1], the after a standard chemical treatment and mounting. Hence, we

above-mentioned method has the advantage that the Ti filament cannot claim an improvement of the cavity performance due

and the niobium sample to be treated are heated separately to to the heat treatment.

(eventually) different temperatures. This gives an appreciable Clearly, the curative virtues of the treatment are still
control of the sublimation rate and of the thickness of the Ti to be demonstrated, but there is some hope that this kind
layer on the sample surface during firing. This nice feature, of firing might replace the delicate chemical etching, rinsing
which allows the deposition of the titanium layer before the and clean-room drying that represent the "state of the art" for
firing, should improve the efficiency of the titanification by superconducting accelerating cavities.
suppressing the risk of pollution during the passage through VL CONCLUSION
the dangerous temperature zone where the niobium is already
hot enough for the impurities to enter, and is still unprotected We have shown that an electron beam heat treatment of

by the titanium sublimation, niobium superconducting cavities is an interesting possibility,

In order to assess the validity of the technique for the probably superior to the usual high vacuum furnace heat treat-

practical treatment of superconducting cavities, a single cell, ment. Suitable electron beams are already available in industry
1.5 GHz niobiuc cavity was heated in the EB machine, with in EB welding machines, whereas high vacuum furnaces are
the following particular features : still laboratory objects. The poor vacuum of our EB welder

the folwn pariticuar feantues onahorobliged us to contrive complicated arrangements to avoid the

1) The cavity was mounted on a horizontal mandrel and pollution of the niobium by residual gases. However, EB weld-
rotated in front of the fixed electron beam ; ing facilities with improved vacuum (10-s Pa) are available.

2) The cavity was titanified from outside by sublimation In such devices, a high vacuum level during treatment would
of a joule-heated titanium filament parallel to the cavity axis ; certainly be easier to achieve than in furnaces, because there

3) The cavity -already equipped with its antennas- had are no screens and because the only hot surface is the desired
been sealed under static vacuum before firing. The motivation one. The potential cleanliness of this kind of heat treatment
for this sealing was to protect the cavity against pollution is thus excellent. The local heating of the surface opens rich
by the (poor) residual vacuum during firing, and against any perspectives, which have not yet been explored. Experiments
ulterior contamination by dust particles or by chemical species are under way at Saclay to determine the benefits that can be
after firing. The cavity was not reopened after the treatment, obtained from such a treatment, from the points of view of cur-
and was directly tested in a vertical cryostat, still under the ing field emission and purifying niobium. The parameters of
same static vacuum ; the treatment (temperature, duration) remain to be determined.

4) All points of the cavity surface were maintained at The help of the "Groupe d'Etudes des Cavites Supracon-
18500 C during 1 minute. After the heat treatment, the cavity ductrices" for testing the cavity is gratefully acknowledged.
surface showed the same considerable recrystallization as was VII. REFERENCES
observed on sheet samples. No noticeable deformation of the [1] H. Padamsee et aL, IEEE T. Mag 21 1007 (1985)
cavity shape could be detected. [2] M. Hdirmann, J. Less Comm. Metals 139 1 (1988)

This cavity showed excellent RF performance, giving an [31 K.K. Schulze, J. Metals, May 1981 p.3 3

accelerating gradient of 19 MV/m and a residual Q value above
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Using the Panofsky-Wenzel Theorem in the Analysis of
Radio-Frequency Deflectors*

M. Jean Browman
Los Alamos National Laboratory, MS H825

Los Alamos, NM 87545

Abstract their restricting their work to cavities with pure TE or TM
In a 1956 paper Panofsky and Wenzel considered the modes is unnecessary.

transverse momentum imparted to a fast particle moving
parallel to the axis of a cavity excited in either a TE (no II. DERIVING THE THEOREM
component of the electric field parallel to the axis) or TM
mode (no component of the magnetic field parallel to the The transverse momentum p±, imparted to a particle
axis). One conclusion of this paper was that in a TE mode with velocity v and charge e and traveling in the z direction
the deflecting impulse of the electric field exactly cancels
the impulse of the magnetic field. This result is sometimes through a radio-frequency cavity of length d, is given by
misinterpreted as concluding that if the electric field acting *i(=d) d

on a particle is purely transverse, the deflection impulses P± F.dt = (ely) [E± + (v x B),] dz, (2)
from the electric and magnetic fields must cancel one an- t*z0)

other. This conclusion is false. if v is large enough to allow the particle direction to remain
Instead essentially unchanged by the transverse force. Panofsky

(0 ,d and Wenzel have shown that we can simplify the above
p1 = (-i)V±E, dz, (1) equation by expanding the right hand side of it in terms

WOI Jo of the vector potential. To see this recall that in general

implicitly derived in the 1956 paper, is a more useful form OA
of the theorem for deflecting cavities. In this equation, p± E - VV, (3)
is the transverse momentum imparted to the particle, d is
the length of the cavity, e is the charge of the particle, w0  where A is the magnetic vector potential, i.e.
is the angular frequency of the cavity, and V±E, is the
transverse gradient of the z component of the electric field B = V x A, (4)
along the path of the particle. The -i represents a 900 and where V is the scalar potential. Since V is constant
phase advance of the integrand with respect to the electric inside a cavity,
field. In other words, the integrand has the same phase as 0A
the magnetic field. E -- and (5)

Eq. (1) is not restricted to TE or TM modes. In particu- Ot

lar, it applies to two similar-looking modes in a high-energy El = - aA (6)
deflector that was studied for the Accelerator Transmu- Ot

tation of Waste (ATW) project at Los Alamos National Expressing (v x B)1 in terms of A, we get
Laboratory. 

(v x B) 1 = [v x (V x A)]1 -= [V (v -A) - (v. V) A]1

I. INTRODUCTION = V1 (v . A) - (v . V) A1 . (7)

In a 1956 paper, Panofsky and Wenzel showed that no Thus we know that
transverse momentum is imparted to particles traveling Id[( OA ((

parallel to the axis of a cavity excited in a TE mode [1]. p± = (ely) _ + V(v-A)]dz.
This result for TE modes is sometimes misinterpreted as (8)
concluding that if the electric field acting on a particle is (8)

purely transverse, then the deflection impulses from the Because v is essentially constant and is in the z direction,

electric and magnetic fields must cancel one another. In aA±
other words, no transverse momentum will be imparted to (v . V) A1 - v-•z and (9)
the particle. We will show why this conclusion is false by
rederiving Panofsky and Wenzel's result and showing that V±. (v. A) = VV.L A, so (10)

*Work supported by the US Department of Energy, Office of High P1 = +vVA 1

Energy and Nuclear Physics. P± = [ ' + £9 + ,A dz (11)
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e e O + O + V±_LA, dz. (12) is of the type proposed by Leeman and Yao [2]; it has been

o v t a- modified for a 1-GeV, high-current proton beam and mod-

However, it is also true that eled using the three-dimensional MAFIA codes [3]. The
cavity is 33.8 cm long and 26 cm in diameter. The rods

v = dz/dt, so (13) are 15.57 cm long and 5 cm in diameter; the vertical dis-
tance between the rods is 5 cm, and the gap between the

dz/v = dr, and (14) ends of the rods is 2.67 cm. The beam pipe is 5 cm in
S1+A A d_ A -dt +A -dz (15)diameter. The beam is moving from left to right (in the

1 a- -- + aAz] dz = !L -- d + LA- =z dA±L, (15) +z direction) through the center of the cavity.

V/ O at Z The deflecting mode is a TEM-like mode, with the

because the path of the particle is fixed in the transverse magnetic fields curving around the rods, adding in the
direction. Thus we know that beam region. Figure 2 shows plots, taken in a transverse

cross section, of the MAFIA-generated electric and mag-

/A±(z=d) r0d netic fields for this deflecting mode.

1131 = e - (dA±) + e V±A~dz. (16)

In order for this relationship to be useful, we need to
express A in terms of E. If we assume an e-s'w time de-
pendence for E, then Y

A = --E(17)
WO

is a valid choice for A. Notice that -i = e-i /2, so A has
a time dependence of e-i(wOt+r/2). Thus A is shifted 900
in time from E and has the same phase as the magnetic
field, as we would expect.

As Panofsky and Wenzel point out, the first term of Fig. 1. MAFIA model of deflecting cavity.
Eq. (16) vanishes for any cavity having ends perpendicular
to its axis, because A1 = E± = 0 in metal. It can also
vanish for a cavity having a beam tube, as long as E1 = 0
at z = 0 and z = d. Thus for these cases we have . . .d

p.: = e VLAzdz. (18)

Substituting Eq. (17) into Eq. (18), we obtain

P1 = (-i)V. E, dz. (19)
\WO / J

Notice that Eq. (19) is not restricted to TE or TM
modes. The change in transverse momentum is indeed Fig. 2. Electric field of the deflecting nrode, taken in an x-y
zero for a TE mode, because for that mode E,, and hence plane.
V.1 E~, is identically zero everywhere in the cavity. No-- -

tice, however, that for a non-TE mode E, can be zero - -

everywhere along the path of the particle and still not be -- ,
identically zero everywhere in the cavity. In such a non-
TE mode V±E2 does not have to be zero along the path -o il
of the particle, so the particle can be deflected......... ...* .. . *-" .. . .

III. EXAMPLES .\''

The Panofsky-Wenzel theorem can be useful in gaining \0

insight as to whether a mode in a radio-frequency cavity .. .. ---- - -

will deflect the beam. For instance, consider the cavity
shown in Fig. 1. (The material around the cavity has been Fig 3. Magnetic field of the deflecting mode, taken in an T-y
left transparent for clarity.) This 350-MHz, OA/2 structure plane.

801



The transverse fields of the next-highest mode are sim-
ilar to those of the deflecting mode in the region away

. . . .from the z midplane of the cavity. But as we can see
in Figs. 4-7, the z variation is quite different for the two
modes. The magnetic field is symmetric about the z mid-

1 .plane for the deflecting mode, but it is antisymmetric for
the next-highest mode. The electric fields also have dif-

- I ferent patterns for the two modes. In particular, the de-
flecting mode has a large gradient of E, in the middle of
the cavity; the next-highest mode has a much smaller gra-
dient. We can use Eq. (19) to inspect which of the two

. .... .. modes will be the better deflector. In fact, if we calculate
the relative deflections using MAFIA, we find that the de-

Fig. 4. Electric field of the deflecting mode, taken in a z-y flection caused by the deflecting mode is more than twenty

plane. times greater than that of the next-highest mode.

0 40 0 0 0 • - -0 a 0 a I0 IV. CONCLUSIONS

The Panofsky-Wenzel theorem has more general appli-
cations than its authors stated in their original paper. The
form

o * ( oo ® Q(••)(C) o p±= (-i)V.Ezdz

does not depend upon the cavity being excited in a TE or a
S®TM mode. It depends only upon the assumptions that (1)

® ® ® @ ®the particles are rigid enough that the particle orbit is not

, • * L - substantially affected in its passage through the cavity and

Fig. 5. Magnetic field of the deflecting mode, taken in a z-V (2) the transverse electric field vanishes at each end of the

plane. cavity. This form of the theorem is useful in distinguishing
* , , ¶ , - - between deflecting and nondeflecting modes in a resonant

III l rt,.cavity.
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The Effects of Temperature and RF Power Level on the Tuning
of the Water-Cooled SSC Low-Energy Booster Cavity

C. Friedrichs
Los Alamos National Laboratory

G. Hulsey
Superconductng Super Collider Laboratory

Abstract Collider (SSC) to determine the permiuivity and Q of both
The SSC Low-Energy Booster (LEB) cavity must rapidly distilled and de-ionized water in the frequency range of

tune from 47.52 to 59.78 MHz. The cavity tuner will use interest.
transversely biased ferrite[ 1] to control the cavity resonance. We do not have a theory to predict the effect of rf power

The thermal expansion of a cavity's materials affects its level on cavity tuning. We have empirically derived the
resonance. There are two other known temperature predictions so that they fit our measured data. We took the
mechanisms that affect resonance in the water-cooled LEB data using the SSC Test Cavity. We used low-duty cycles
cavity. The saturation magnetization of the ferrite is a function while taking this data in order to avoid mixing temperature
of temperature, and since the ferrite permeability is dependent effects with power-level effects. We recorded the frequency
on the saturation magnetization, the ferrite permeability is also and frequency shift vs. rf cavity-gap voltage for gap voltages
temperature dependent. The ferrite cooling water is present in from I kVto 100 kV at various ferrite bias current levels from
the tuner rf field, hence the water permittivity, which is very 105 to 240 amperes. We used the data to calculate Hrf and
temperature dependent, also affects cavity resonance. Hbias in the ferrite, then used these quantities to produce a

While taking data on the SSC Test Cavity to quantify consistent empirical formula that matches the measured
the effect of temperature on the resonance, we observed that frequency shift.
the rf power level also perturbed the resonance. It was
readily apparent from the data that the power level affected H. TEMPERATURE EFFECT ON
the resonance much more strongly at low values of control PERMEABILITY
bias than at high values. In fact, when we calculate an
apparent modified control-bias H field that produces the Saturation magnetization data for Trans Tech G-810
observed resonance shift, we noticed an almost perfect, ferrite is shown in Fig. 1.
though non-linear, correlation between the ratio of Hrf to
Hbias and the apparent modified bias field, Happ.

This paper will present a set of equations to predict the 9 0 -
resonance shifts produced by changes in temperature and rf 3 -

power level. It will also present the techniques, both 7 -D

theoretical and empirical, by which these equations are 6D --

derived. Finally, some of the methods for dealing with these o o
resonance shifts will be discussed. 5 -- _

I. INTRODUCTION 3-D

We will consider three separate effects on the cavity 200
tuning: the effects of temperature on ferrite permeability and -1 12D
on cooling water permittivity, as well as the effects of rf the -80 40 0 4D 80 12D 160 3
power level on the ferrite permeability. These are distinctly Ternpmume-dreUm C.
separate effects and we will treat them separately.

We derived the effect of temperature on ferrite
permeability from the fact that the rf permeability of the Figure 1. Saturation magnetization vs. temperature
ferrite is a function of the saturation magnetization of the
ferrite, which is in turn a function of temperature. The We used curve-fitting techniques to derive a function that
saturation magnetization vs. temperature is usually available matches the curve. We then substituted this function into the
from the ferrite manufacturer. equation defining rf permeability. These expressions arc
We could locate no data for the effect of temperature on the given below:
water permittivity, so measurements were made at Los
Alamos National Laboratory and the Superconducting Super B,, = 732.45 x Iog1o(215- T)- 860.17

_________y___=_ B. 732.45 x ogl10(215 -T) -860.17
Work supported ad funded by U. S. Department of Energy office p= + =1

at the Superconducting Supercofider Laboraoiy. H,
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The spacing between the pole pieces of the tuning The cavity resonant frequency as a function of water
magnet in the LEB water cooled cavity is 16.9 cm. This permittivity can be calculated by the same methods
spacing contains 12.5 cm. of ferrite. The relation of H to the mentioned in Section II.
tuning current is given by the following expression:

IV. EFFECT OF POWER LEVEL ON
nxJ= H.dI XH x1 w- H, x1,, + H,, ×t,. TUNING

H We first noticed that power level had an appreciable
where I is the tuner bias current and n is the number of turns effect on the cavity resonant frequency while we were taking
in the bias magnet coil. Now data on the effects of temperature on tuning. Since the tuner

H Be - , H.= B./11., and cavity we were testing were substantially different from
and or Bthe LEB tuner design, we felt it was important to be able to

and make a prediction regarding the strength of this effect in the
1, = 12.5 cm, l, = 4.4 (m1. LEB cavity. After first noticing this effect, we observed that

it was much more pronounced at the lower tuning frequencies
Since B is continuous, B = B•,. = Be,. . So than the higher ones, or more significantly, it was much more

pronounced at lower values of control bias than at higher
B= 12. 5xB, +ni ones.

12.5 + 4.4/pu We examined the ratio of Hrf to Hbias and determined
and finally that for any value of this ratio, there is a unique factor that

B apparently modifies Hbias. After applying this factor to

B - B., Hbias, a new value of ferrite permeability may be calculated
using the expression for pu given in Section II of this paper.

The cavity resonant frequency as a function of ferrite The non-linear function for the change factor that matches the

permeability can be calculated using either Superfish or any measured data is shown in Fig. 3. The peak value of H 1 is

of the transmission line codes[2]. used.

II.TEMPERATURE EFFECT ON WATER
PERMITTIVITY 14

Permittivity of de-ionized water as a function of at 12 - -

temperature is shown in Fig. 2. This data was obtained from
measurements performed at 56 MHz. The permittivity is 1 -

linearly decreasing with increasing temperature, and can be "a _A

calculated using the following empirical expression: o 8-
6 = -0.4168 x T + 86.519. - -

0.4
78 -02-

0 - ... o o .,, ,. .
0 2.5 5 7.5 10 12.5

R723Ee of rf t
SFigure 3. Effect of if amplitude on apparent H

70 
Once we had quantified this change function, we next

S - -- sought to realize a simple mathematical model to calculate
the apparent control bias H field as a function of Hbias and

-- Hrf. The following equation expresses our first attempt at this
2D 25 3D 35 4D realization (Happ is the apparent bias field):

Tmpmtum - dugtm C.
"H. H+ HL.

Figure 2. Permittivity vs. temperature

804



This expression yields a fairly good correlation with the prevented by the application of sufficient amplitude feedback.

measured data, but its predicted frequency shift is A good prediction of the expected shift is, therefore,

consistently on the low side. important to the feedback designers.
Rather than accept a slight error on the low side, we A computer simulation of the avalanche effect described

elected to modify the expression. Happ in the above above is shown in Fig. 5.
expression can be readily recognized as the vector sum of Hrf
and Hbias, with the two quantities 900 apart. The simplest
way to modify the expression to improve its fit to the data is ...------•. -...0 ..... . .. .... .. '. .. ........ - ... .... ........
to increase the angle between the two vectors. The vector .. .
addition is illustrated in Fig. 4. .6 .............................. . .....................

- .. .... • ... ....... .......... ....... . ...A .............. ........
-12.1- .... .... ..... ........ ....... ..... ....... : .......

..... ........ ........ ....... ...... .... .......
~H~4) . . .. . .. 0 .

Figure 5. Avalanche effect
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apparenta theoretical basis for the frequency shift vs amplitude

The best fit to the data occurs when the angle is phenomenon.

increased from 900 to 92.80. The use of 92.80 results in
excellent correlation with the data, and no low side errors VI. REFERENCES
appear in the regions where the shift is large.

At first it seems that a frequency shift of less than 2%
would not be objectionable in a circuit designed to rapidly [1] W.R. Smytbe, T.G. Brophy, R.D. Carlini, C.C. Friedrichs,

tune over a 25% range. The problem is caused by a severe DL rsaG plk n .. Wlesn R
non-linearity that can result from the phenomenon. If the Cavities with Transversely Biased Ferrite Tuning," IEEE

cavity driving frequency is swept from below resonance to Trans. Nuacl. Sci. 32 (5), p. 2951. (1985).

above resonance, say from -6 to +6 dB, at an amplitude level
sufficiently large to produce significant shift, the cavity (21 C.C. Friedrichs, "Analytic Evaluation of the LAMPF II

impedance will avalanche just after resonance is crossed. Booster Cavity Design," IEEE Trans. Nasd. Sci. 32 (5), p.

This effect occurs because Hrf starts decreasing causing the 284 (1985).

resonance to shift back away from the driving frequency, and
a runaway condition occurs. Such an occurrence can be
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Superconducting Cavities for the LEP energy upgrade

G.Cavallari,C. Benvenuti, P. Bernard, D. Bloess, E.Chiaveri, F.Genesio, E.Haebel, N.Hilleret, J.Tuckmantel,W.Weingarten
CERN - 1211 Geneva 23

Switzerland

Abstract

The technology of sputter coating of Cu cavities
with Nb has been developed at CERN. The advantages of this 1 0
technique have led CERN to order 168 of such cavities in |
industry. After an initial phase of technology transfer and of *O.o •.
prototype development, the series production has been started
in fall 92 by the three contractors. The results of the bare " A ,*L --...'o\_- __

cavity tests are reported. Fixed and movable 120kW power -- __,_

couplers (MC) have been designed, manufactured and put MC,
into operation. Various models of higher order mode (HOM) A___ _"

couplers have been developed to cope with foreseen increase
of the beam intensity. Special care is given to the
conditioning of power couplers and of HOM couplers before 1
installation in the machine. 0 2 4 6 8 10

INTRODUCTION
Fig. 1 - Bulk Nb cavities: Qo[E9] vs Eacc [MV/m]

In total 192 superconducting cavities operating at THE Nb COATED Cu CAVITIES.
accelerating fields of about 5MV/m are required to reach
colliding beam energies suitable for W- W+ pair production
physics. In 1988 it was decided to start with 24 cavities of Among the advantages of the sputter coated cavities
bulk Nb while the technology of sputter coating Nb onto Cu one should mention [1] the higher Q0 the stability against
was being developed. In 1990 the results obtained with the quenches, the unsensitivity to low ambient magnetic fields
NbCu prototypes were positive enough to start the production [9]. The design figures could be set to Q_>4.109 at 6 MV/m
of 168 sputter coated cavities [1]. The cavity frequency and and 4.2 K, somewhat higher than the ones for bulk Nb
the geometry were kept as for Nb cavities but a number of cavities in order to provide a reliable operation at 5 MV/m.
changes were introduced in the cryostat [2], the HOM coupler The contract for the 168 cavities has been split to
[3] and in the MC design. three companies. Almost two years have been necessary in

order to install the required facilities [5], transfer the sputter
coating technology, train the teams and start the production.

THE BULK Nb CAVITIES At present more than 30 bare cavities have been accepted
(Fig. 2) and two 4-cavity modules have been delivered.

All the Nb cavities have been delivered [5] and
accepted. The design figures were Qo>3.10 9 at 5MV/m and
4.2 K. The cavities have then been assembled at CERN in 1 0
four-cavity modules and equipped with MC and HOM.=_--:
couplers. The final tests performed after assembling have _____

shown a systematic degradation of the cavity performances u__ 13 '/"
mainly due to non resonant electron loading (field emission) NMI
such that the operation at 5MV/m could not be guaranteed. A 3C11
new rinsing of most of the cavities becomes necessary.

In the mean time movable power couplers have been
developed. It has been decided to launch a consolidation
process of the bulk Nb cavities in order to install cavities of 1
improved and more reliable performances (cryogenic circuit, 0 2 4 6 8 1 0
capability of higher beam current, matching of RF power to
beam intensity). A new planning has been established for the Fig. 2 - NbCu accepted cavities, best and worst : Q, vs Eacc
installation of the Nb modules in the 1993-94 winter
shutdown.

0-7803-1203-1/93$03.00 0 1993 IEEE
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The problems encountered so far with the bare 0 Number of
cavity test may be grouped in four categories: 3 0i

• field emission already at low fields, coming from poor final 25-- E Accepted
rinsing or handling accidents. If the parameters of the rinsing 20-0 cavities
water (resistivity, particle content, germs and Total Organic
Carbon) are carefully controlled, gradients up to 9 MV/m can 1 5
be obtained after a short time of "RF processing" in nearly all
cases, without significant electron loading [6,12]. The 10-0-
gradient is limited by the available RF power. In the 5
exceptional other cases He processing is applied to overcome
field emission, otherwise a new rinsing is performed (Fig. 3). 0

III IV I II III IV I II

high pressure water rinsing 91 91 92 92 92 c,2 93 93
10 r -

- -Fig. 3 - Production and acceptance rate of NbCu cavities

""- - - I •THE MOVABLE POWER COUPLER
a I -,p1

second . The optimum coupling of the RF power to the cavity

U1 is determined by the beam intensity as well as the maximum
- E3 accelerating voltage. Therefore, future beam intensity

'j.,= increases would ask for a modification of the coupling factor
to avoid excess power consumption. The replacement of a

fi stlayer MC on an installed cavity is potentially harmful as it may

1 - - - contaminate the cavity. The present movable coupler design

0 2 4 6 8 10 [31 allows to change the coupler's Qext from 3.109 to 3.105.
A byproduct is the possibility to correct the scatter in cavity
coupling and to measure the Q0 of cavities fully assembled

Fig. 3 - Successive coatings: Q0 vs Eacc or even already installed in the accelerator. It is precisely in
this configuration that the final acceptance tests of the four-

blisters, due to bad adhesion of the Nb film on the Cu cavity modules are performed. The MCs are conditioned on
substrate. The Qo(Eacc) curve suffers from stepwise a dedicated setup at room temperature under high vacuum up
degradation when rising field, sometimes also from hysteresis to 180 kW in travelling wave operation first and in future also
(Fig 3). At high fields the blister eventually emits electrons in standing wave mode to cover all the SC cavity operating
that cannot be processed away by RF and He processing. conditions.
Removing the blister by e.g. high pressure water rinsing [10]
may bring the cavity to working condition. It also shows a
poor adhesion of patches of the film. Temperature mapping is THE HIGH ORDER MODE COUPLERS
routinely applied in order to identify the defect position. The
coating is usually removed by chemistry and a new coating is Various HOM couplers have been developed so far
applied after a 201am etching process. It has been noticed that [3], two are best suited : an antenna type ( Type 1) for Nb
successives coatings led to improved Q0 values (Fig 3). This cavities with Qext of 25000 at the TMOI I mode, suitable for
problem has been traced to impurities deeply implanted into four bunch operation and beam intensities up to 8mA, and a
the Cu sheet during the lamination process. An electropolish hook type (Type 5) for NbCu cavities with Qext of 6000 at
etching of 120.tm instead of 80.im reduces drastically the the TMO0 I mode, suitable up to 8 bunches per beam and
number of blisters, beam intensities up to 12 mA.
' poor Qo at low fields. After optical inspection the film is The cooling of the HOM couplers has been found
removed and a new coating is applied after a 20prm chemical marginal during cavity conditioning under heavy e- loading
polishing. although it is largely sufficient for normal operation.
" good Qo at low fields but higher non quadratic losses [61 Improvements are in progress.
reduce the Qo at 6MV/m below the design figures. The
mechanism is not yet fully understood [6,101.
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THE CRYOSTAT The three cavity manufactures, Ansaldo (I), CERCA
(F) and Siemens (D) have greatly contributed with their

The basic concept of the original cryostat layout has competence to the progress of the project. The technicians of
been kept [2] as it allows a modular assembling of the our groups have participated with untired enthousiasm to the
cavities in cryomodules, the access to the cavity accessories transfer of knowhow and to the setting up of the test facilities
and to the cabling irrespective of the cavity vacuum. A and are now performing a large number of cavity tests.
number of changes has been introduced: The supply of large quantities of IMe by he
- there are three reinforcing beams instead of one, the cryogenics group has been a key issue for the testing of a
structure has been made stiffer such that the modules may be large number of cavities in a few months.
rotated around the longitudinal axis during ie transport in
the accelerator tunnel.
- a vacuum flange is provided in line with each HOM coupler
allowing, in future, counterflow cooled, high power rigid REFERENCES
coaxial lines for the HOM coupler, in case the HOM power
exceeds 400W per cavity. The actual RF cables, rated to 100 [1] C. Benvenuti et al, Proc. 4th Workshop on RF
W in vacuum, have been made shorter (80cm). Superconductivity, KEK, Tsukuba , Y. Kojima ed.
- the Cu radiation shields have been removed and a total of 80 (1989,)
sheets of superinsulation, in two layers, are installed. The [2] R. Stierlin, Proc. 3rd Workshop on RF
cryogenic static losses are now about 16W per cavity [1 to Superconductivity, Argonne , K.W 'hepard ed. (1987)
be compared to 50 W dynamic losses per cavity at 5MV/m. [31 E. Haebel, Proc. 5th Workshop on RF super-

conductivity, DESY Hamburg, D. Proch ed.
(1991)

CONCLUSION [4] C.Arnaud et al., Proc. 14th High Energy Accel. Conf.,
Tsukuba 989, Y.Kimura ed. (1989)

The Nb coated Cu cavity production has [5] G.Cavallari et al.,Proc. 15th Int. Conf. High Energy
encountered some initial difficulties but the success rate on Accel., Hamburg, J. Rossbach ed. (1992)
the bare cavity production is above 50% and more than 30 [6] C. Arnaud et al, Proc. 3rd European Accel. Conf.,
cavities have been accepted. The cooling of the HOM Berlin H.Henke ed. (1992)
couplers has been found insufficient under heavy e- loading [7] P. Bernard et al, Proc. 3rd European Accel. Conf.,
and new cooling schemes are being designed. Two Berlin iI.Henke ed. (1992)
cryomodules, whose installation is foreseen for September [8] Proc. 3rd Workshop LEP Performance,CERN, Geneva,
'93, have been delivered by industry and are under J. Poole ed. 11993)
acceptance test. [9] C. Benvenuti et al., Proc. Part. Acc. Conf. San

Francisco, L.Lizama ed. f1991)
[10] P. Bernard et al., ref. [3]
[11] C. Arnaudetal., ref.Ill
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TESLA Input Coupler Development

M. Champion, D. Peterson, T. Peterson, C. Reid, M. Ruschman
Fermi National Accelerator Laboratory*
P. 0. Box 500, Batavia, Illinois 60510

Abstract contain eight cavities with one input coupler and two higher
order mode couplers per cavity. The coaxial input couplerThe TeV Superconducting Linear Accelerator (TESLA) (Fig. 1) is mounted to the beam tube adjacent to the end cell of

requires a RF input coupler capable of delivering 208 kW of (i.1 smutdt h emtb daett h n elo
rqie a RFiputer caao of d-elNobium eraving. 208 iofs the cavity and is capacitively coupled to the cavity. RF power
1.3 GHz power to a 9-cell Niobium cavity. Various for two cryomodules (16 cavities) will be provided by a single

electrical, mechanical, and cryogenic constraints present 4.5 MW klystron.

challenges in the design of such a coupler. Two parallel input

coupler development programs are in progress at Fermilab and HI. INPuT COUPLER DESIGN
at DESY [1]. The Fermilab TESLA input coupler design and
status is reported. A. Electrical

I. INTRODUCTION A critical component of the TESLA machine is the input

The TESLA machine [21 is a next generation electron- coupler, which during normal operation must transport
positron collider based on two superconducting linear 208 kW of 1.3 GHz RF power to a 9-cell Niobium cavity.
accelerators, each having a length of 10 km. Center of mass The pulse length is 1.33 ms with 0.53 ms filling time and
energies of greater than 500 GeV are planned, which will 0.8 ms beam-on time. The repetition rate is 10 Hz, hence the
require accelerating gradients of 25 MV/m. Nine-cell average power through the coupler is nominally 2.8 kW.
superconducting Niobium cavities operating in the x-mode at Additionally, it is desirable that the coupler handle power
1.3 GHz will be used for acceleration. Each cryomodule will levels up to 1 MW (at reduced pulse lengths and repetition

rates) so that in situ high peak power processing of field
* Operated by Universities Research Association, Inc., under emission sites may be performed. At power levels of 1 MW,
contract with the United States Department of Energy. field strengths at the inner conductor near the cavity (outer

* D-61 . 7mm I.D. ID

Figure 1. The Fermilab TESLA input coupler.

0-7803-1203-1/93$03.00 0 1993 IEEE
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conductor diameter is 36 mm) will reach 3.04 MV/m for the window is utilized in the waveguide to coaxial transition,
case of total reflection as the cavity begins to fill with energy. while a conical window is installed at the 70 K intercept in
The external Q of the coupler is to be 3e6, adjustable over the the 62 cm diameter coaxial line. Ports for pumping and
range le6 to 9e6. The variable coupling is required due to instrumentation of the region between the two windows are
variations in the cavities, couplers, and RF distribution included near the waveguide.
system. The input coupler should be impedance matched for a
return loss of better than 20 dB (I % power reflection). IU.. COMPONENT DEVELOPMENT

B. Mechanical A. Conical Ceramic

The requirement of variable coupling is met by the use of The conical ceramic window is the first level of protection
bellows on the inner and outer conductors of the coaxial input of the cavity vacuum space. The conical shape was conceived
coupler as shown in Fig. i. The inner and outer conductors of as a good candidate for a broad band impedance-matched
move together toward or away from the beam tube by window. The angle formed by the cone with respect to the
adjusting bolts outside the cryomodule. A range of motion of axis of the coaxial line was chosen to be 18.2 degrees, which
up to 25 mm is possible, which is adequate for the required is the result of setting the angle of incidence equal to the
range of external Q. Brewster angle for the vacuum to ceramic interface. The depth

During cool down the eight cavities shrink toward one of penetration of the ceramic into both the inner and outer
fixed point at the center of the cryomodule. The input conductors was chosen to reduce the field strengths at the braze
couplers must accommodate this shrinkage, which is 15 mm joints to approximately 50 % of their nominal values at the
worst case. Since the waveguide end of the input coupler is surfaces of both conductors. Two possibilities were examined
fixed, the coupler must be flexible so that the cavity end of the for obtaining a good impedance match. One technique is to
coupler can move with the cavity. This flexibility is achieved taper the ceramic thickness so that it is thinner near the inner
via the inner and outer conductor bellows. There is a pivot conductor. The other method is to taper the inner or outer
point outside of the cryomodule about which the coupler can conductors. The tapered ceramic was rejected in order to
rotate as the cavities shrink. The coupler will be mounted at simplify the ceramic, and because it is easier to machine metal
room temperature so that the center conductor is off center at to a new shape than to modify the ceramic. We chose to taper
the beam tube. As the system shrinks during cool down, the the inner conductor due to ease of fabrication. The thickness
center conductor will pivot into a position concentric to the of the ceramic in the conical region is 3.2 mm. The Hewlett-
outer conductor. Coupling adjustment will follow the cool Packard High Frequency Structure Simulator (HFSS) was used
down. to model the ceramic. A return loss of 22 dB was achieved

In opposition to the requirement for flexibility, there is a during simulation by iterating on the inner conductor taper.
need to avoid mechanical vibration of the input coupler, which
could lead to difficulties in controlling the amplitude and phase
of the RF drive to the cavity. After coupling adjustment is
complete, bolts will be tightened to secure the coupler at the
cryomodule penetration.

The cold RF window must stay with the cavity once the
cavity has been assembled in a clean room. Hence, the portion
of the input coupler which extends out of the cryomodule must
be removable. This is accomplished with an outer conductor
flange joint sealed with a Helicoflex metal seal and an inner
conductor joint fastened with a screw.

C. Cryogenic

The input coupler connects room temperature WR650
waveguide to a cavity at 1.8 K, hence minimum heat leak is Figure 2. Detail of conical ceramic RF vacuum window.
necessary. This is achieved by using copper plated thin-wall
stainless steel coaxial transmission line. Thermal calculations Implementation of the design is shown in Figure 2. The
have been performed and indicate a 70 K heat load of 5.8 W crmci 95 10 rmWSO h FCcpeand a 4 K heat load of 0.4 W. inner and outer conductor bands were brazed to the ceramic by

Alberox. Initially, the inner conductor band contained a small

D. Vacuum/Cleanliness plug of ceramic to prevent the band from shrinking away from
the cone during the brazing cool down period. However, this

Two alumina ceramic RF windows will act as vacuum plug caused cracking of the cone during brazing. The ceramic
barriers and ensure the cleanliness of the cavity. A cylindrical was coated with Titanium Nitride (TiN) by an evaporative
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process at Fermilab. The conical shape requires several
evaporations with various filaments in order to achieve a IV. CONCLUSION
relatively uniform TiN thickness. The thickness goal was A prototype of the coaxial portion has been constructed and
10 nm on the ceramics coated to date. The inner conductors tested at 805 MHz at power levels up to 1.7 MW [4]. The
on each side of the ceramic were attached via electron beam design needs to be optimized in terms of impedance match,
welding at Fermilab. The outer conductors were attached via cost, and assembly procedures. Testing at 1.3 GHz is
conventional TIG welding in an Helium/Argon atmosphere. expected in the coming months.

A low-power prototype of the doorknob transition has been

B. Bellows constructed and tested. Impedance matching has been achieved
over a 1-2 % bandwidth. A prototype high-power transition isThe bellows used in the prototype input coupler are off-the- udrdvlpetadsol erayfrtsigb uy

shelf units that have adapters resistance welded to each end.

The thin wall (0.006") bellows are hydroformed and are rated 1993.

for a range of travel of 25.4 mm. Copper plating of the outer
conductor bellows along with the attached stainless steel
tubing is achieved by using a special apparatus consisting of a
tubular electrode which is inserted into the outer conductor and
is sealed at the opening of the conductor. Plating solution
enters the outer conductor through holes drilled in the

electrode. The other end of the outer conductor is covered with
a plate that has an exit port and attached tubing to carry away
the plating solution. Hence, solution is continually circulated
through the outer conductor during the plating process, and the -
exterior of the conductor remains free of plating.

C. Doorknob Transition

The "doorknob" transition is a waveguide to coaxial

transition that incorporates a cylindrical knob as the impedance
transforming device. This type of transition, when properly
designed, has been shown to be capable of transmitting power 4- -(

up to the breakdown level of the coaxial line [3]. The
Fermilab doorknob transition (Fig. 3) is complicated by the Figure 3. Detail of doorknob transition.
decision to incorporate a cylindrical ceramic window into the
transition. Not only is the transition more difficult
mechanically, but also the inclusion of the window tends to V. REFERENCES

reduce the bandwidth of the transition to 1-2 percent. [I] B. Dwersteg, M. Marx, D. Proch, "Conceptual Design of
However, this complication makes for a compact and elegant a RF Input Coupler for TESLA," DESY, 1992.
impedance transformer and vacuum barrier. [2] A Proposal to Construct and Test Prototype

The ceramic is 99.5 % A12 0 3 from WESGO. Fermilab Superconducting RF Structures for Linear Colliders,

fabricated the OFHC copper and 304 SS rings which were DESY, 1992.
brazed to the ceramic by Alberox. The ceramic is to be TiN [3] G. L. Ragan, ed., Microwave Transmission Circuits,
coated on the vacuum side (inner surface). The waveguide side 3oston Technical Publishers, Inc., 1964.
of the ceramic will be exposed to > I Atm dry air. [4] D. Sun, M. Champion, M. Gormley, Q. Kerns, K.

The addition of a window results in the use of a two-piece Koepke, A. Moretti, "High Power Test of RF Window
doorknob. The outer piece is welded to the waveguide, and Coaxial Line in Vacuum," Fermilab, these
whereas the inner piece is welded to the ceramic window. The proceedings.
ceramic and inner knob are bolted into the waveguide
assembly, so the ceramic may be replaced if necessary.
C-seals are used as RF joints in the bolted assembly. The
shape and size of the doorknob determines the impedance
characteristics of the transition. These parameters have been
determined by "cut and try techniques." The HFSS program
has been used to model the design and help understand the field
characteristics of the transition.
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COMPUTER SIMULATION AND COLD MODEL TESTING OF
CCL CAVITIES

C. R. Chang, C. G. Yao, D. A. Swenson and L. W. Funk
Superconducting Supercollider Laboratory

2550 Beckleymeade Ave., Dallas, Texas 75237

Abstract (2)

The SSC coupled-cavity-linac (CCL) consists of nine
modules with eight tanks in each module. Multicavity
magnetically coupled bridge couplers are used to couple the
eight tanks within a module into one RF resonant chain. of' fact
The operating frequency is 1282.851 MHz. In this paper we 1. Iosel
discuss both computer calculations and cold model mea- (•AVcc -- --
surements to determine the geometry dimension of the RF ---
structure.

I. INTRODUCTION

The SSC CCL cavities are designed in house and fabri-
cated by the Institute of High Energy Physics (IHEP) in
China. One of our major tests is to provide the accurate
cavity dimensions for machine fabrication. In the past, the Figure 1: (a) Physical boundary of one accelerating cell and two half

cavity dimensions were determined by cold model experi- coupling cells, (b) boundary simulated by MAFIA

ments only, because at that time, no computer code had
enough accuracy for such complicated, highly non-axial cold models according to the exact dimensions predicted
geometric structures. Our CCL contains 72 accelerating
tanks and 63 bridge couplers. Producing cold models for by MAFIA and the measured frequency can be as muchas 15 MHz different from the calculated frequency. The
each tank and bridge coupler would be an extremely ex-
pensive and time consuming task. We have developed new agreement on the coupling constant, k, on the other hand,methds hat ombne mder coes lke AFIA SUER- is quite good, as shown in Table 1. The frequency change

is very sensitive to the dimension change in the nose re-
FISH and HFSS and are able to produce cavity dimensions
that are correct within a few MHz error. Of course, cold gion. The geometry of the nose is too complicated to bemodels for the low-, mid- and high- energy end are made accurately described by MAFIA. But the slot region is de-

scribed very well. SUPERFISH with triangular meshes
and are used to bench mark these codes.

can give very good descriptions of arbitrarily complicated

II. DETERMINATION OF ACCELERATING TANK boundaries and the error of calculated frequency is usually

DIMENSIONS smaller than 1 MHz. However, it is a 2-D code and cannot
predict the effect of coupling slots, which is not a small

Each CCL tank contains 16 identical accelerating cavi- effect for 7% coupling. D.A. Swenson proposed a way that
ties and 15 identical coupling cavities. The structure can combines the SUPERFISH and MAFIA and can eliminate
be treated as infinitely long if the end cavities are prop- the shortcoming of each code. The procedures are: (1) let
erly tuned. In 3-D MAFIA simulation we include one MAFIA calculate the coupling constant and the effect of
full accelerating cavity and two half coupling cavities and the coupling slots which produce a frequency drop Af to
with proper terminations at symmetric planes grmin and the accelerating cell; (2) let SUPERFISH determine the
.mar we can simulate an infinitely long structure. Fig. nose gap, (g/2)a,, of the unslotted cavity to produce a res-
1. shows the physical boundary and boundary simulated onant frequency of foperation + Af. The cavity with slots
by MAFIA. We can see "steps" on the boundary because should then resonant at foperation + Af-- Af = foperation.
the code uses many "cubics" to produce an approximation The Af produced by coupling slots can be calculated by
for the actual smooth surface. This is a major source of two MAFIA runs: (1) calculate the accelerating cell fre-
inaccuracy in the solution and can not be completely re- quency with coupling slots, fszot, and (2) use the same
moved for a finite number of mesh used. We have built mesh configuration to calculate accelerating cell frequency

*Operated by the Universities Research Association, Inc. for without coupling slots, fo. Then Af = flot - In. Since
the U.S. Department of Energy, under contract No. DE-AC35- the mesh configurations are the same for two runs, the er-
89ER40486 ror of fsto and fo due to the same crude description of

0-7803-1203-1/935O3.00 a 1993 IEEE
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Y [.Lrcm] k: Cold Model k: MAFIA Difference
11.18 7.904% 7.989% -0.085%
11.93 4.895% 4.801% 0.094%
12.93 1.507% 1.638% -0.13%

Table 1: Comparison of coupling constant from cold model and
MAFIA

I Yo] [cm] Afexp Af,0g Difference
11.18 38.168 38.725 -0.557

I11.93 I22.505 I22.745 f-0.240
12.93 6.310 6.295 -0.015

Table 2: Comparison of Af (Unit: Mtz) measured by cold model Figure 2: Geometry of Magnetically Coupled Bridge Couplvr

and calculated by MAFIA and SUPERFISH

chain gets longer, the end cell error effect gets smaller and
tihe structure approaches to an infinitely long structure.

the nose should be also the same and therefore the error is th e measure mes th a syi ptote can be robtaied

subtracted out in Af. If Af can be accurately determined,
dimensions of and it gives the desired frequency value. The radius of

coupling cavitiescan be ac atlyetermined Te wthese center cavities can then be determined.coupling cavities can be calculated in a similar way. To Bridge coupler end cells are more complicated. They (10

test the validity of this method, we build cold models with Bridge coupler end symmetcoplated Tan no

different Yoff and compare the measured and computed not have any well defined symmetric plane and can not be
values of k and A o. Table 1 shows the results of compari- treated as a part of an infinite structure. MAFIA simula-
values of k and Table 2bhows sheowsmtharisul of o - tion on the bridge end cavities produce quite large errorsson of k and Table 2 shows the comparison of Af.

The surprisingly good agreements give us confidence because some artificial symmetric planes must be assumed
to terminate the boundary. The end cell dimensions are

with the method and we have generated the rest of tank

dimensions entirely on computers. We did make two addi- completely determined by experiment. Since there are no
tional sets of cold models on the med- and high-energy end well defined symmetric planes, no artificial terminations
tinad sets ofem odels oth e simulationred-lts and high tene y e should be used. In the cold model measurement, one must
and the agreements with simulation results are consistently include the entire 5-cell bridge cavity, the two coupling
good. cavities under the bridge, and tank end cells and a few

III. DETERMINATION OF BRIDGE COUPLER accelerating cavities. All accelerating cavities and bridge

DIMENSIONS center cavities are fabricated at the correct dimensions.
Bridge end cavity frequencies are adjustable by end posts.

Fig. 2 shows the geometry of a five-cell bridge coupler To determine the post length, one should first short out all
with three identical middle cells and two identical end cells. other cells except the bridge end cell, tank end cell and the
Two end posts as frequency tuners are provided for end coupling cell between them. Adjusting the bridge end cell
cells but not for middle cells. The physics of this type and tank end cell frequencies by varying the post lengths
of bridge coupler are described previously'' 2 . The total until the two cavity frequencies are both equal to 1282.851
length of the bridge coupler grows with the inter tank space MHz. At this point, the field level in the coupling cavity
which is proportional to A)A. For 63 bridge couplers, the is zero. Repeat same procedure for the other bridge end
length of the middle cells can only be 7cm, 8cm or 9cm, cell. Finally, let all cavities couple together by removing
but the length of the end cells will have 63 different values, shorting tools and measure the 7r/2 mode frequency. The
Again, the three middle cells can be treated as a part of an 7r/2 frequency should be very close to the desired operation
infinitely long structure if the two end cells are properly frequency. Adjust the two end posts equally to bring the
tuned. We thus separately determine the dimensions for 7r/2 mode frequency to the exact value. The post lengths
middle cells and for end cells. are now at the correct value. We made three bridge cold

For middle cells, MAFIA was first used to optimize the models for the low-, rned-, and high-energy end. Dimen-
geometry of the coupling slots. Because middle cells only sions for those bridge end cells in between were obtained
have three possible lengths, cold models were built for all by interpolation.
three cases. The coupling slots on adjacent disc are rotated
by 900 to reduce direct coupling. Half cell termination WAV D I ION OF C OU N R CETE
were used in the experiment. Since this will create images
in the end cells that do not have 90' rotations, it does not RF power is sent from waveguide to a CCL module
represent an infinite long structure. However, as the cavity through a coupling iris at the center bridge coupler power
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cell. The dimension of this coupling iris must be deter- "
mined to provide the correct coupling (13 = 1.0) from the I
waveguide to one CCL module. Normally this iris is cut - m
last when the entire module is assembled, as is the case for IF
LAMPF and Fermilab. However, for our situation, it is de- Slot width=-m -

sirable to know the approximate iris size in advance. There 2 1 1
are two reasons. (1) In LAMPF and Fermilab each cou-"
piing iris only needs to drive two to four tanks, yet it must • ! .
be cut very large to provide enough coupling. In our CCL, K -
each iris must drive eight tanks, which has at least twice 0.5 -"

as many cavities. Concern was raised whether one iris can 0.5

provide enough coupling. (2) Both LAMPF and Fermi use U
single cavity bridge couplers. Because of its large volume, . ; .
the coupling iris will not produce a big perturbation to the

bridge cavity. With two end posts as frequency tuners, the Slot Lemnth r'-)

power bridges do not need to be specially made so the iris Figure 3: Measured coupling 3 vs slot length for slot width of 1 cm

can be cut as the last step. We use multi-cavity bridge and 2 cm.

couplers and the center cell has much smaller volume so
the coupling iris will produce a large frequency drop 6f.
It is not desirable to add a tuner to the power cell due to
the concern of sparking. A better solution is to reduce the
power cell diameter in advance to raise the frequency back
to the desired value. Thus the knowledge of iris size and
the magnitude of 6f is desirable.

To estimate the coupling slot dimension without the en-
tire module assembled, we need to do some scaling. As-
sume coupling cavities are not excited and dissipate no
power, then one module contains Na, = 128 accelerating
cavities and Nbrig = 21 excited bridge cavities. The field
level in an excited bridge cavity is approximately equal to
half the level in an accelerating cavity so the power dissi-
pation is Pbjg/Pc, ;z, 1/4, assuming the same Q (Qc,,
11000 for module 1) value. The total power dissipation of Figure 4: IIFSS simulating electric field coupling from wave guide to
one module is then equal to Nacc+Nbrig(Pbrig/Pacc) - 133 wbridge coupler

accelerating cells. In cold modeling we have one bridge
coupler and two accelerating cells. From power dissipation We are also doing computer modeling of the problem.
point of view it is equivalent to N,,iodtl Z 3 accelerating The 3-D HFSS code with its powerful S-parameter solver
cells. Taking into account the fact that the QAI " 1000 is particularly convenient. Fig. 4 shows how the field is
for aluminium cold models, in order to obtain 0,o = 1 for coupled from waveguide through iris into a five-cell bridge
one CCL module, the equivalent 13 model we are aiming for coupler. The simulation, however, show j3 increase with
in the cold model measurement should be about J3moei = slot length faster than what was observed in the experi-
3,, X (QAt/QCu) X [Nacc + Nbrig(Pbrig/Pacc)] /Nmodel ; 4. ment. Further studies are needed to solve this discrepancy.
3 should be bigger when power dissipation in coupling cells In summary, we have almost completed the entire CCL
is taken into account. To obtain the functional relation be- cavity dimension table and the only thing not finally de-
tween 13 and slot size, a set of "plugs" with different sized termined is the dimension of the power coupling iris. Our
rectangular irises are made and d3 values are measured. preliminary results indicate one iris should provide suffi-
Some preliminary results are plotted in Fig. 3. It can cient coupling but more careful studies are needed to ob-
be seen that 13 has a weak dependence on slot width but tain its final dimension. Special thanks to Y. Goren, L.
a very strong dependence on slot length. The /3 increase Walling, N. Yao and Y. Tang for their valuable assistance.
with I in a nearly exponential form, for 7cm < I < 9cm,
so we see straight lines in a logarithmic scale. But, as I V. REFERENCES

increased to comparable to the height, of the wave guide, [1] C. G. Yao, et al A Novel Bridge Coupler for SS(
the curves bend downward because the magnetic flux in Coupled Cavity Linac" , 1992 Linear Accelerator Coi-
the wave guide has a high density near the center but falls Coupled CavityLCnadatfereiice, Ottawa, Canada.
off toward the edge. The 13 value can easily exceed 4, in-
dicating one slot. should provide enough coupling to drive [2] C. It. Cliang, el al, - MAFIA Simulation and ('old
one CCL module. Mo(lel Test, of Three Types of Bridge (Coupler", ibid.
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Drive Linac for the Argonne Wakefield Accelerator

E. Chojnacki, R. Konecny, M. Rosing, and J. Simpson
Argonne National Laboratory, Argonne, IL, 60439, USA

I. INTRODUCTION AWA. A brief parameter search of specific standing-wave
geometries is presented in section liB.

The drive linac in Phase I of the Argonne Wakefield In other options, an external feedback rf system (ring
Accelerator (AWA) will be used to accelerate short duration resonator) would provide even larger power build up than a
(10 ps), high charge (100 nC) electron bunches from 2 MV standing-wave cavity, but would also require the nearly
to 20 MV for use in a variety of wakefield acceleration and impossible plumbing of -500 MW of rf power through
measurement studies[ 11. The high charge is required since this various waveguide devices. Side-coupled structures were ruled
drive bunch will generate the wakefields of interest in various out due to their relatively large wake functions and small
test sections and their amplitudes are proportional to bunch acceleration gaps. Enlarging the aperture in a side-coupled
charge. The short bunch duration is required to drive high- structure to obtain an acceptable wake function would destroy
frequency wakefields without intra-bunch cancellation effects. the required isolation of adjacent beamline cavities.

The drive linac design was a balance between having a
small wake function to maintain a drive bunch energy spread B. Parameter Search
of <10% and obtaining an adequate accelerating gradient of In choosing the frequency of operation of the drive linac,
> 10 MV/m. This yielded a large aperture, low shunt the overriding consideration was the longitdinal wakefield
impedance, high group velocity, L-band, standing-wave linac, strength relative to the acceleration gradient. The amplitude of
Details of the design, fabrication, and testing are presented in the fundamental-mode longitudinal wake function for a point
the following, source is given by

II. LINAC DESIGN Wz Ez (o r)-q 2 2Q (l-pg) (l

A. Broad Considerations where all parameters apply to the linac fundamental mode, Ez
The first consideration in the drive linac design was is the longitudinal electric wakefield, q is the bunch charge, W

standing wave versus traveling wave. In a traveling-wave is the wake frequency, rs is the shunt impedance in units of
linac, the iris aperture has to be relatively small (low group [WmJ, Q is the structure quality factor, Pk is the normalized
velocity) to yield a high shunt impedance to provide an group velocity, and the units of Wz are, say, [kV/m/nC]. The

acceptable acceleration gradient given the available rf source factor (1-fPg) in the denominator of (1) is often ignored in

power of -20 MW. The small aperture, however, cavities operating at cutoff or in traveling-wave linacs having

correspondingly causes the structure's wake function to be very low group velocity. Since rs/Q is proportional to

large, which would yield an unacceptable energy spread in the frequency, f, the longitudinal wake function in (1) is

100 nC drive bunch. As an example, the SLAC Mark IV proportional tof 2, but the linac length is proportional tof- 1,

constant-impedance linac[21 scaled to 1.3 GHz, powered by a so the wakefield energy loss per linac cell is proportional tof.

5 us, 20 MW source, and having a length of 15 m would Thus, as the linac frequency is lowered, the wakefield energy

provide an electron energy gain of 65 MeV, but would also loss decreases linearly. This is indicative of the iris aperture
produce a 47% energy spread from head to tail of the 100 nC being proportional to f -, and a smaller aperture (higherbunch. Refinements such as rf pulse compression and frequency) will "clip off" a larger fraction of the particle'sbunc. Rfinment suh a rf uls copresionand radiation field to be left behind as wakes.
utilizing a constant gradient structure would still result in a raia lo be lind a s w es.woefully large energy sped While a low drive linac frequency is desirable from a beam

In a standing-wave linac, the iris aperture can be relatively loading point of view, practical considerations regarding
large (high group velocity), yielding a low shunt impedance, waveguide dimensions encourage the frequency to be >1 GHz.but the rf power in the cavity will internally recirculate to a Fortunately, examining a few test cases indicates that an L-high steady state level, providing a reasonable accelerating band structure can just satisfy the gradient and energy spreadgradient. The benefit of the large aperture is a low wake goals, Ž10 MV/m and <10%, respectively. Table I listsfunction, which will yield an acceptable energy spread in the parameters of five standing-wave cavities given a 100 nC drive100 nC drive bunch. Indeed, it is this low wake function bunch and 20 MW of rf power. These parameters werecharacteristic of large-aperture standing-wave structures that obtained from a variety of intermingled calculations utilizing
make them attractive in super-conducting versions for the analytic techniques, the URMEL computer code, and theTESLA linear collider study[3]. Thus, a large-aperture KN7C computer code. Four of the five cases in Table I havestanding-wave cavity was chosen for the drive linac of the f=l.3 GHz and the parameters that vary from case to case arethe aperture radius a and iris thickness t, as shown in Fig. 1.

0-7803-1203-1/93$03.00 0 1993 IEEE
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TABLE I. Parameter scan of r/2 standing-wave linacs powered by 20 MW of rf to accelerate a 100 nC gaussian electron bunch
having a = 5 ps.

Parameter Large aperture, Small aperture, Large aperture, Small aperture, Large aperture.
thin iris thin iris thick iris thick iris thin iris

Frequency f (GHz) 1.300 1.300 1.300 1.300 2.856
Aperture radius a (cm) 5.08 2.0 5.08 2.0 2.31
Aperture/wall radius a/b 0.505 0.224 0.472 0.218 0.505
Aperture/wavelength afA 0.220 0.087 0.220 0.087 0.100
Iris thickness t (cm) 0.5 0.5 3.50 3.50 0.228
Gap length g (cm) 5.26 5.26 2.26 2.26 2.393
Cavity length L (in) 2.07 2.07 2.07 2.07 0.94
Quality factor Q 17179 17884 10060 9755 12555
Group velocity Ijg 0.139 0.014 0.048 0.001 0.139
Shunt impedance ri (M(Vm) 21.5 45.4 7.2 6.1 32.0
Wake function W_. (kV/m/nC) 5.9 10.5 3.1 2.6 27.0
HOM beam loading factor 1.6 3.0 3.0 4.5 1.5
Voltage gain V (MV) 18.7 24.7 10.6 9.1 13.7
Voltage spread AVIV (%) 10.2 26.1 17.8 25.8 26.3

5.Vb 5 ...

9

EiguireL. Schematic of standing-wave linac geometry. E- -0-
> (3- 5kps

It is not surprising that the thinner the iris thickness, t, the radi es=
greater the bunch energy gain. In general, the iris thickness is f FAChO1  1.6
made as thin as possible, limited only by mechanical strength
and thermal conductivity. The fifth case in the last column of -5
Table I is the same structure as in the first column, but scaled
to f=2.856 GHz. It is the structure in the first column with
the large aperture and thin iris that was chosen for the AWA
drive linac. 0 1000 2000 3000

t (ps)
C. A WA Drive Linac Properties Figure.2. Plot of the longitudinal wake left by a single

The AWA drive linac is a r/2 standing-wave linac with gaussian bunch having o = 5 ps. "Total" wake is the solid
dimensions a=5.08 cm, b= 10.05 cm, t=0.5 cm, d=5.76 cm, line and fundamental wake is the dashed line.
and a hemispherical aperture edge. The program KN7C was
used to estimate the contribution of higher order modes to the higher order mode beam loading factor is included in the intra-
AWA drive linac axisymmetric longitudinal wakefields. bunch energy spread, but not in the inter-bunch energy spread
Shown in Fig. 2 is a plot of the longitudinal wake left by a since the higher order modes may be somewhat out of phase
gaussian bunch. The fundamental wake is shown as a dashed for succeeding bunches. The gaussian bunch density profile is
line and the "total" wake as a solid line, which includes 42 indicted as a dotted line on the first bunch's energy spread.
radial modes up to a frequency of 15 GHz. The drive bunch
density profiles, spaced by one rf period, are indicated on the III. FABRICATION
figure as dotted lines, but only the wakefield of the first bunch
is shown. From this plot, the higher order mode beam loading The AWA drive linac was fabricated from OFE copper,
factor is estimated to be -1.6. alloy 101, grade 2 or better, with machining of the cell cups

Shown in Fig. 3 is a busy plot of the head-to-tail energy performed on a numerical lathe. The relative machining
distribution that three mono-energetic electron bunches would tolerance was ±0.5 mil, but the absolute tolerance was
attain upon passage through 2 meters of the AWA linac. The ±1.5 mil. Since the linac cavity frequency has to be matched
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Figure 3. Plot of the head-to-tail energy distribution that three
mono-energetic gaussian-profile electron bunches would attain
upon passage through 2 meters of the AWA drive linac. Fi2ue 4. Network analyzer measurement of reflection

coefficient S II versus frequency for linac tank A.
to the 3 2 nd harmonic of the AWA mode-locked laser, the Measurement performed with a 10 mT vacuum and linac
absolute machining tolerance was more critical. Four 1" temperature of 750 F.
diameter divots leading to a 1/8" thick cell wall were machined
into each cell for final frequency tuning. The rf coupling cell, analyzer measurement of reflection coefficient Si 1 versus
which included the coupling iris and a socket for half-height L- frequency for linac tank A. The coupling is satisfactory and
band waveguide, was machined from a single block of copper. the resonant frequency is what is needed to operate under
The 2 meter AWA drive linac was split into two 1 m tanks. vacuum at -W90 F. Slight final frequency tuning has yet to be
The final tank assemblies were stacked vertically and brazed in performed when both tanks are connected to their temperature
a hydrogen furnace at Pyromet Industrial in San Carlos, CA. controlled water chillers.

IV. MEASUREMENTS This work has been supported by the United States
Department of Energy, Division of High Energy Physics.

Prior to brazing, the linac tanks, when clamped together,
were slightly under frequency (200 kHz under 1.3 GHz when V. REFERENCES
corrected for temperature and vacuum conditions) and slightly
under coupled to the input waveguide (Sl~--15 dB with the [1] M. Rosing, et. al., "Argonne Wakefield Accelerator
target coupling after brazing being S1 1-32 dB). Brazing was Update '92", Proc. 1992 Linear Accelerator Conf.
expected to improve the quality factor, Q, of the cavities and (Ottawa, Ontario, Canada, 1992), p. 79; P. Schoessow,
thus improve the coupling, and the resonant frequency was et. al., these proceedings.
expected to rise as determined by previous brazing tests. After [2) G. Loew, in The Stanford Two-Mile Accelerator, edited
brazing, the resonant frequency increased only -10 kHz and the by R.B. Neal (W.A. Benjamin, Inc., New York, 1968),
coupling actually decreased for an unknown reason. Thus, an p. 129.
iterative process was implemented to improve coupling and [31 J. Rossbach, "An Overview of Linear Collider Plans",
raise the resonant frequency by enlarging the coupling iris by Proc. 1992 Linear Accelerator Conf. (Ottawa. Ontario,
filing and pressing the tuning divots to raise the resonant Canada, 1992). p. 25.
frequency. Plotted in Fig. 4 is a sample of the latest network
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Choice of the RF Cavity for the SSC Collider

W. Chou
Superconducting Super Collider Laboratory*
2550 Beckleymeade Ave., Dallas, TX 75237

Abstract II. CRITERIA OF CHOICE

Four types of RF cavities - multiple cell and single cell, A. HOM and coupled bunch instability
superconducting (sc) and normal conducting (nc) - have
been compared with respect to the specific needs of the For te rcavt In the HOM dampigs550 Collider. The single cell cavity is preferable to the major design goal. If the HOM are not properly damped,

the coupled bunch instability will occur, as experienced in
multi-cell one because its higher order modes (HOM) are the LEP and HERA. When a wideband feedback system is
easier to damp. The sc cavity has a number of advantages employed, the noises in the feedback system may blow up
over the nc one. But its mechanical complexity and oper-ational reliability may present a concern. The impact of the beam emittance. The required transverse emittance
different rf frequencies on the beam parameters have also (1 mm-mrad, rms, normalized) of the Collider beam is de-
been studied. In the range from 180 MHz to 480 MHz, the manding. Any increase in emittance means the decrease in
been variations are generally small. luminosity. The emittance growth rate due to the feedback
parameter vnoise 

is [3]:

I. INTRODUCTION 1 N

- 0.64fo (s'_ 2v2 (1)
In the SSC Collider, the beam intensity of a single bunch r 0"j

is limited by the detectors. Therefore, in order to achieve
the design luminosity 101 cm-2s-1, one has to use about in which fo is the revolution frequency, a. the rms beam

17,000 bunches in each ring. The coupled bunch instability width, and Av the betatron tune spread. The pickup

is a main concern. The use of a wideband feedback system resolution of the feedback system, ZN, is proportional to

to damp the instability is difficult because it can lead to Af'1 2 , where Af is the bandwidth of the feedback system.

emittance dilution, which has been observed in the Teva- A wider bandwidth gives rise to a larger thermal noise.

tron and SPS. An effective way to avoid the instability is to Therefore, it is preferred that the HOM of the cavity can

employ passive damping, i.e., to damp the HOM such that be damped such that the wide-band feedback system will

all the unstable bunch modes would be Landau damped. become unnecessary.

The Collider rf parameters are: frf = 360 MHz, Vf = 20
MV, and Prf 2 MW. The frequency must be a multiple of
60 MHz, which is the basic bunch spacing. The voltage is In the train of the Collider bunches, there are seven in-
mainly determined by the requirement of the bucket size jection gaps (1.7 Ms) and one abort gap (4.2 ps). These
(in order to avoid the rf noise problem while accommo- gaps will cause phase modulation. In the linear approxi-
dating a beam with large longitudinal emittance) rather mation, the modulation amplitude is:
than by the acceleration (which needs 3.9 MV/turn during
ramping). The power requirement comes from the beam (IbR) (r) (2)
loading compensation during storage (1.4 MVA, reactive), A¢ 2)
with adequate safety margin.

The baseline design is to use eight 5-cell cavities of the in which R, Q and Wrf are the shunt impedance, quality
PEP type and two 1 MW klystrons [1]. However, the cal- factor and angular frequency of the cavity, respectively, Vc
culations show that the HOM of this cavity would cause the cavity voltage, Ib the rf component of the beam cur-
longitudinal and transverse multibunch instabilities at in- rent (Ib = 2ldc), and At the gap size. When the ring
jection (2 TeV). The e-folding time is in the order of sec- is partially filled (for instance, during the injection), this
onds. At top energy (20 TeV), the unstable modes would formula is no longer valid and the computation is more
be Landau damped, but only marginally. Therefore, there involved. The consequences of the phase modulation are:
was a proposal to change the baseline by adopting the sin- (a) The jiggering of the interaction point in the longitu-

gle cell type cavity [2]. dinal direction. (b) The reduction of the luminosity due

*Operated by the Universities Research Association, Inc., for to a crossing angle. (c) A larger occupation of the bucket

the U.S. Department of Energy under Contract No. DE-AC35- by the oscillating bunch. Therefore, A0 has to be limited
89ER40486. under certain value by feedforward or fast feedback.
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C. Detuning and fundamental mode instability G. Flezibility

The optimum detuning for reactive compensation is: It is desirable to use the cavity as a kicker to damp
the injection errors and low order coupled bunch instabil-

Aff _= b COS .b R ity. For this purpose, the klystron should have enough

Af - 2os b . h (3)Q reserved power and the system should have enough band-
width (about 500 kHz), which can be achieved by using an

where h is the harmonic number. For a fully detuned nc rf feedback.
cavity in the Collider, Afrf is about -6 kHz. Because
fo is low (3.441 kHz), the impedance of the fundamental H. Power limitation of the window

mode will cover several revolution lines. Thus, detuning The power of each window should not exceed 200 kW
will strongly drive the following coupled bunch modes un- by today's technology. Otherwise the manufacture will be
stable: m = 1, n = -1, -2, -3, ... If, on the other hand, difficult and the reliability will be questionable.
not to detune the cavity (at a price of higher power losses)
in order to avoid this problem, then the operation and JR F power loss
control of the cavity may become difficult. A possible so- This is always an important issue in electron machines
lution is to employ a fast rf feedback, which is widely used (e.g., the B-factory). But it is much less so in the SSC,
at CERN. In this case, the total loop delay is an utmost which is a proton machine. The reactive power of the rf
important parameter and should be made as short as pos- cavities is 1.4 MVA, which is a small fraction of the total
sible when planning the klystron gallery location, installed power (about 0.5 GVA). Either detuning or not

detuning, sc or nc, this issue does not play a big role.
D. Broadband impedance III. COMPARISONS

In addition to the HOM, the rf cavities also have a broad-
band impedance, which will affect the single bunch insta- A. Multi-cell, nc cavity
bilities. However, in the Collider impedance budget, the This type is cheaper than the single cell cavity. But
contribution from the rf cavities is small (10% in longitu- the problem is that its HOM are not easy to damp be-
dinal and 0.1% in transverse). Therefore, this should not cause of lack of room for the HOM couplers and because
be a big issue in making the choice of the cavity, of the cross-talk between neighboring cells. When DORIS

installed the PETRA 5-cell cavity, it tried to damp the
E. RF noise HOM by inserting couplers through the pickup flanges.

The phase and amplitude rf noises can cause longitudinal The impedance reduction was limited by a factor of 2-3
emittance growth, particle loss and reduction of the beam [5]. A more successful case was the CESR 14-cell cavity, in
lifetime. Thanks to a large bucket-to-bunch-area ratio in which the HOM have been damped by a factor of 20-100
the design (30 at injection and 25 at full energy), this is not [6]. Another concern is the window power that will ex-
a serious problem. Study shows that the emittan~e dou- ceed 200 kW. The two-window-per-cavity design requires
bling time exceeds 50 hours at the specified noise level [4]. a significant amount of R&D work.
One special feature of the Collider is that the synchrotron
frequency is so low (4 Hz) that the sideband will always B. Multi-cell, ac cavity
fall into the impedance bandwidth of the cavity no matter This type is excluded because of the following reasons:

it is nc or sc. (This is in contrast to the LEP, in which the (a) If two 5-cell sc cavities are used, each window would
synchrotron frequency of the proton beam is several hun- take 1 MW, which is far beyond the allowable maximum
dreds hertz. Improvement of beam lifetime was observed of 200 kW. (b) The HOM couplers can only be installed
when sc cavities were used there.) near the ends of the multi-cell structure in order to avoid

multipacting. This makes it difficult to damp those HOM

F. Reliability and availability that are confined in the middle part of the cavity.

Because of the big size of the SSC, the reliability and C. Single cell, nc cavity
availability of the rf cavity is a top priority issue. This in- This type is ideal for HOM daming, which can be
cludes: (a) The failure probability of the cavity; (b) When achieved by either installing couplers and/or by staggered
a cavity is tripped, whether the beam can survive; (c) If tuning. A recent example is the cavity being developed at
the beam has to be dumped, whether an injection is imme- the Advanced Light Source at ANL. The damping factor is
diately possible. In this regard, it is obvious that using two between 10 to 100. The cavity suggested by SLAC/LBL for
large klystrons is not a good design. Because the failure of the B-factory has three waveguide attachments and looks
one cavity can lead to the loss of half rf voltage. Using fouror eghtklytros i a ettr sceme Th 50 kWand250 promising. But considerable engineering efforts are needed
or eight klystrons is a better scheme. The 500 kW and 250 before it can be put to use. The number of cavities is de-
kW klystron can be available on the market (Varian and termined by the power dissipation in the wall (maximum
Litton) if one needs them. The trip rate of the cavity will 10 W/cm 2 ). It is possible to achieve 20 MV by using 32
be discussed later. or even 24 cavities.
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Parameter RF Frequency Variationt Note
480 MHz 360 MHz 180 MHz' %

Longitudinal emittance, rms (T eV-s) 0.035 - inj, fixed
0.233 - 20 TeV, fixed

RF voltage (MV) 6.6 - inj, fixed
20 - 20 TeV, fixed

Bunch length, rms (cm) 5.1 5.4 6.5 -6/+20 inj
5.6 6.0 7.1 -7/+18 20 TeV

Energy spread, rms (xl0 5-) 10.4 9.7 8.1 +7/-16 inj
6.3 5.8 4.9 +9/-16 20 TeV

Synchrotron tune 0.0026 0.0022 0.0016 +18/-27 inj
0.0014 0.0012 0.0009 +17/-25 20 TeV

Bucket area (eV-s) 2.17 3.34 9.44 -35/+180 inj
11.9 18.3 51.9 -35/+180 20 TeV

Bucket-to-bunch-area ratio 20 30 86 -35/+180 inj
16 25 71 -35/+180 20 TeV

Luminosity reduction 0.87 0.85 0.81 +2/-5 20 TeV
Particles per bunch (x 101°) 0.82 0.84 0.91 -2/+8 inj/20 TeV
Synchrotron radiation (kW/beam) 8.9 9.0 9.2 -1/+2 20 TeV
Parasitic heating (kW/beam) 0.89 0.73 0.50 +22/-32 20 TeV
Dynamic aperture (a) 12.8 12.9 13.3 -1/+3 inj
Longi threshold impedance (f0) 3.9 3.6 2.8 +3/-22 inj
Trans threshold impedance (M/i/m) 260 238 185 +9/-22 inj
Longi intrabeam scattering (h) 200 203 205 -1/+1 20 TeV
"Trans intrabeam scattering (h) 131 116 83 +13/-28 20 TeV
Space charge tune shift in LEB 0.39 0.40 0.43 -3/+8 inj

t The values at 360 MHz are used as the reference.

D. Single cell, sc cavity by increasing the rf voltage (oc V 1/ 2). Other factors one
needs to consider include:

This type has a number of advantages: low rf loss, low * Beam transfer from the HEB to the Collider: The
broadband impedance, low transient beam loading (be- HEB rf is 60 MHz. One will have to rotate the beam in
cause of its low R/Q and high Vc) and, most importantly, the longitudinal phase space before extracting it from
low HOM (because the total number of sc cavities is smaller the HEB. Higher rf frequency in the Collider makes
than the nc cavities). But the main concern is the complex- the injection more difficult.
ity of its structure and the associated reliability problem. e Cost: High frequency klystrons are cheaper.
There are reports about the high average trip rate of the o Market availability: There are 350 MHz and 500 MHz
sc cavities at TRISTAN (more than one trip per fill) [7] cavities available, which can be modified to 360 MHz
and CEBAF (one trip per cavity every 16 hours) [8]. The and 480 MHz, resp. Also available are the high power
causes have not yet been fully understood. A more careful klystrons in the range 350-500 MHz.
study is needed to assess the risks if sc cavities are to be
used in the SSC. V. REFERENCES

IV. RF FREQUENCY [1] Site Specific Conceptual Design, SSCL-SR-1056, (July
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High Field Conditioning of Cryogenic RF Cavities*
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Abstract A series of experiments was conducted to address these
concerns. Two engineering model RF cavities, a drift tubeSpace-based and other related accelerators have LNC (MT)adardofeunyqarpl

conditioning and operation requirements that are not found in
copper, relatively poor (EMRFQ), were fabricated. The designs were representative

most machines. The use of cryogenic operatively put of cavity designs for real machines. Tests were performed to
vacuum, and limited power storage and operating time put explore the difficulties of operating cryogenic copper cavities
unusual demands on the high-field conditioning process and in vacuums of 10-5 to 10-7 Torr. High field operation of these
present some concerns. Two CW cryogenic engineering cavities was explored. Tests were also performed to determine
model "sparker" cavities have been fabricated and tested at the requirements for reconditioning cavities after periods of
Grumman to address some of these concerns. Results of these
tests have been very positive. The cavities have been tested to inactivindr
fairly high field levels. Tests included initial and repeated reconditioning.
conditioning as well as sustained RF operations. The two II. CAVITIES
cavities were an engineering model DTL and an engineering Figure 1 shows the EMDTL cavity. Table 1 outlines
model RFQ. Both cavities operated at 425 MHz. The DTL some relevant parameters. The cavity consists of two
was conditioned to 46 MV/m at 100% duty factor (CW) at complete DTL cells. It was manufactured from OFHC copper
cryogenic temperature. This corresponds to a gap voltage of with an as machined finish. The RF surfaces of the cavity
433 kV and a real estate accelerating gradient (energy were treated to obtain high Q Enhancement Factor (QEF)
gain/total cavity length) of 6.97 MV/m. We believe this to be [defined as Q(room temp)/Q(operating temp)]. The treatment,
record performance for cryo CW operation. During cryo developed at Grumman, includes a deoxidation dip followed
pulsed operation, the same cavity reached 48 MV/m with 200 by a brightening and passivating treatment. No additional
gsec pulses at 0.5% DF. The RFQ was conditioned to 30 cleaning or bake out of the surface was performed. After
MV/m CW at cryo, 85 kV gap voltage. During a brief period assembly the cavity was stored in a machine shop
of cryo pulsed operation, the RFQ operated at 46 MV/m, or environment.
125 kV gap voltage. Reconditioning experiments were The cryostat is a stainless steel vacuum vessel with
performed on both cavities and no problems were twenty-five layers of super insulation separating the cavity
encountered. It should be noted that the vacuum levels were from the vessel walls. Supercritical neon cryogen (27 K @
not very stringent during these tests and no special 425 psi) cools the cavity. Design operating temperature for
cleanliness or handling procedures were followed. The results both cavities is between 31K and 34K, although during the
of these tests indicate that cavities can run CW without longest operating periods the cavities reached 41K.
difficulty at cryogenic temperatures at normal conservative The forward and reflected powers were measured using a
field levels. Higher field operation may well be possible, and
if better vacuums are used and more attention is paid to
cleanliness, much higher fields may be attainable.

I. INTRODUCTION i

The use of accelerators in space presents special coolt In
problems that are not encountered with most machines. The
use of cryogenic copper for machines that require CW
operation is favored since the resistive wall loses can be 42., a

reduced by cooling with on board liquid hydrogen fuel. )
Vacuum levels are generally in the range of 10- to 10-7 Torrff
as opposed to the 10-8 Tort or better that one typically i Drift Tube &

encounters in normal machines. The most significant Stam Amy

problem may be that the amount of operating time available / kj

in space is dictated by the amount of energy stored on the lu• - coolant OA

platform. Conditioning requirements must be fairly well Cooliri
known in advance, and cannot be excessive. W

-12.686cm-

"This work performed under IR&D contract #7256-2709 and Figure 1. Engineering Model DTL Cavity Showing

7256-3002 front cross section and exterior side view
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EMDTL EMRFQ Drive Loop
Cavity Parameters at Cryo (31 K) Port
Frequency (MHz) 424.430 422.201
Q(unloaded) 100518 23581

Design Operating Point (QEF-4) ____:_______

Peak Field (MV/m) 28.42 36.54
Power (kW) 17.9 16.7 _"

Peak Voltage (kV) 265.25 77.63

Actual Operating Point I____ ___
QEF 5.14 3.46
Peak Field (MV/m) 28.42 36.54 Port
Power (kW) 13.9 19.32
Peak Voltage (kV) 265.25 77.63
Table 1. Summary of important parameters for engineering Cross Section Electroformed

model cavities

directional coupler at the output of the amplifier. Two pickup
loops sampled the cavity field at the outer wall. One of the
loops was connected to an RF detector for cavity field
measurement. The other was used to provide a signal to a
phase-locked-loop frequency tracking system.

The EMRFQ is illustrated in figure 2. Some relevant
parameters are outlined in table 1. The cavity is 48 cm in Cooling
length and was made from tellurium copper. The RF surfaces Passages
were machined to a standard finish then treated for high
QEF. The EMRFQ then went through several stages of Figure 2. Engineering Model RFQ showing front
electroforming ending in a finished cavity. After the cavity cross section and exterior profile.
electroforming was completed no further cleaning was
performed and the cavity was stored in a machine shop and CW conditioning and cryo pulsed conditioning before
environment. cryo CW operation was investigated, as well as the feasibility

of going directly to cryo CW operation. High field
III. CONDITIONING EXPERIMENTS experiments were performed for both pulsed and CW

A. First Time Conditioning operation. Reconditioning experiments were performed after
Experiments were performed to explore three areas, first inactive periods of 1 and 12 hours at operating temperature.

time conditioning, operation at high fields, and Table 2 is a summary of peak operating conditions. Cavity
reconditioning. First time conditioning experiments evaluated fields were calculated using the measured net power into the
different techniques for processing the cavity to operational cavity along with the measured Q and the stored energy as
levels for the first time. The use of room temperature pulsed calculated by the program Superfish.

The first cavity tested was the EMDTL. The EMDTL

CAVITY DF Pulse Width Peak Field Real-Estate Accel Stand By Recondx
Gradient Time Time

EMDTL CW 6 sec 46 MV/m 6.97 MV/m NA NA
EMDTL CW 51 sec 28 MV/m 4.24 MV/m NA NA
EMDTL 0.5 % 200 jisec 48 MV/m 7.27 MV/m NA NA
EMRFQ CW 5 sec 31 MV/m NA NA NA
EMRFQ CW 31 sec 28 MV/m NA NA NA
EMRFQ 0.5 % 200 p.sec 45 MV/m NA NA NA
EMDTL CW 10 sec 28 MV/m 4.24 MV/mI 1 hour instant
EMDTL CW 7 sec 33 MV/m 5.00 MV/m 12 hour instant
EMRFQ CW 5 sec 13 MV/m NA First Time 45 sec

Table 2 Summary of peak operating conditions for engineering model experiments

822



was conditioned both pulsed and CW at room temperature lower field levels and at the end at very high field levels. We
before any operations at cryo. During cryo operations the bel;fve that with better vacuum, we could have conditioned
cavity was conditioned well in excess of desigp field in pulsed from 18 MV/m up to the conservative design levels of 36
mode, then conditioned CW. This conditik.ing sequence MV/rn fairly easily.
worked quite well; no difficulties were encountered. The B. High Field Conditioning
cryogenic portion of conditioning progresseA faster than the The bulk of our high field conditioning was conducted
room temperature portion. Thhi result encouraged us to be with the EMDTL. Vacuum problems during the EMRFQ test
more aggressive when the EMDTL was tested for a second prevented high field CW operations although high field
time after extended exposure to air. During the second test pulsed operations took place. The EMDTL was conditioned to
the EMDTL was conditioned CW at cryo with no room fields well in ex-3ess of design levels without great difficulty.
temperature conditioning or cryo pulsed conditioning. No No special processing techniques were used to reach these
problems were encountered; the cavity conditioned quite levels. Peak CW levels were limited by the ability of the
readily.On the basis of our success with the EMDTL, we decided cavity to hold the fields. Sparking and microdischarge would

tOcnitn the basis ofour for the first time at ciyogenic cause the amplifier to trip out due to high reflected power.
to condition the EMRFQ fo ter fiat te t croac The use of a circulator between the amplifier and the cavity
temperature CW with no intermediate steps. This approach may have allowed us to condition the cavity to higher levels
worked very well. Figure 3 shows 6 of the first 9 CW bursts. without the inconvenience of amplifier trip-outs. Peak pulsed
All of these were of six second duration with a forward power levels were limited by the available power from our amplifier

of 3 kW. During the first six periods the AFC was off. By the at the imed by th wvich power comiour a s

third operation period the cavity field was stable although not at the time. The ease with which pulsed conditioning was
at the correct frequency. When the AFC was activated during performed leads us to believe that much higher fields could

the sixth operating period the cavity field shot way up ana have been reached. As with the EMDTL pulsed conditioning

significant breakdown was visible. During the eighth of the EreRFQ was limited by the available power. There is

operating period the field appears to drop down to a no other reason that higher fields could not be reached.

multipacting level, but this is gone in the ninth operating C. Reconditioning
period and the cavity was operating smoothly at 18 MV/m. Numerous reconditioning experiments were conducted
Due to leaks in the cooling system that developed during the with the EMDTL. The cavity was put in standby mode for
experiment, the vacuum steadily degraded during the various lengths of time and then turned on. The goal was to
EMRFQ test. Near the end of the test the vacuum would assess the time and energy requirements for operation of
climb to the high 10-5 Torr range while the RF was on and cavities in space. We found that no reconditioning was
the cryogen was removing heat. This made conditioning required after periods of up to 12 hours. It should be noted
progressively more difficult and limited our ability to reach that we were restarting with a burst length of about six
design operating levels. The bulk of the difficulty in seconds at design field of 36 MV/m.
conditioning is generally encountered in the beginning at the IV. CONCLUSION

I These experiments demonstrated the operation of CW RF
AFC Enabled ........... cavities at cryogenic temperatures in vacuums of 10. to 10-

Torr. This is consistent with the operation of advanced
accelerators in the environment of space. The EMDTL was

0.8- conditioned to 46 MV/m for a six second CW burst and 36
07. MV/m for a 51 second CW burst. The EMDTL was
S0.6- conditioned to 48 MV/mn pulsed, limited only by available

Q.Y ipower. It was found that no reconditioning was required to
0.51 restart the EMDTL after 12 hours at standby. The EMRFQ

Run#- ' was conditioned CW for the first time at cryo with no
Z 0.38 preconditioning at room temperature or pulsed. The EMRFQ

0.2/ Run# 6 was conditioned to 46 MV/m during pulsed operation.
Run# 3 We believe that these experiments have demonstrated the

o.Run#2 feasibility of this type of operation. While the experiments
0 R:un#1

00 1 2 3 4 5 6 n were not completely rigorous (i.e., we were limited to CW

Time (sacc) bursts of 30 seconds) they were as complete as time and
Figure 3. Profiles of six of the first nine RF runs resources permitted. The experiments showed no major
showing rapid progression of conditioning problems or obstacles, and indicated that cryo CW operation

may be easier than expected rather than harder
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Abstract

A tunable, high-accelerating-gradient cavity prototype hos MAGNET INPUT CAVITY
been designed and built for use in the rf system for the Low
Energy Booster (LEB) at the Superconducting Super Collider
(SSC). Testing of the cavity using one tuner cooling variant has POWERTUBE
been completed. This paper reports an results of low level,
high level and tuning tests performed on the cavity. The tuner
was damaged during high power testing. Discussion of the
fault is included.

1. INTRODUCTION ~,,,.,

The LEB will accelerate a 100 mAdc proton beam from
1.2 GeV/c momentum up to 12 GeV/c. The resultant change in
proton velocity requires the rf frequency to vary from 47.5
MHz to 59.8 MHz over the 50 ms accelerating ramp. The rf is FERRITE VACUUMWINDOW
also required to deliver a peak ring voltage of 765 kV. Lattice
space. higher order mode impedance, and cost considerations
all push toward achieving this voltage with the minimum num- MAGNET COIL

ber of cavities. Figure 1. LEB prototype cavity.
The cavity is a X/4 coaxial design with the inductive

portion of the cavity being a ferrite loaded tuner. The
design goal is to be able to run with as few as 6 cavities II. LOW LEVEL TESTS
(127.5 kV per cavity). This high voltage operation, along A. Tuning range
with the wide tuning requirement, results in high stored
energy and the potential for increased rf losses in the fer- Figure 2 shows the cavity's resonant frequency as a fimc-
rite. Perpendicular magnetic biasing of the ferrite is used tion of the applied bias current. As the bias field is increased,
to help minimize these losses [1]. Three different ferrite the ferrite's p. decreases resulting in a higher resonant fre-

cooling options (beryllium oxide (BeO) disks, water, and quency. The figure shows the cavity is capable of tuning over
dielectric fluid) have been considered. This paper reports in the required frequency range.
detail on tests done on the BeO conduction cooled tuner. B. Cavity Q

Figure 1 shows a diagram of the cavity. The tetrode ampli-
fier (150 kW) is capacitively coupled into the cavity. The The cavity Q was also monitored at difenresonant fre-
applied magnetic field, provided by the magnet yoke, biases quencies (see Figure 3). As the bias field is increased (higher
the ferrite to different permeabilities (Ig) and hence tunes the resonant frequency), the ferrite has lower magnetic losses, and
cavity. The conduction cooled tuner was built at the Budker the Q rises. However, the calculated Q was approximately two

Institute of Nuclear Physics (BINP) and has been tested at Ems higher than observed. Calorimetry measurements indi-

SSCL. It uses BeO sandwiched between ferrite rings to help cated the unexpected losses were located in the tuner.

conduct dissipated heat out to the water cooled copper jacket. C. Temperature effects on tuning
The ferrite is potted into the tuner housing using thin layers of As the ferrite temperature rises, its saturation magnetiza-
a flexible glue known as Elastoseal. tion MK falls. This causes a decrease in g. and hence an increase

in the cavity's resonant frequency [2]. This effect was charac-
• Operated by the Universities Research Association. Inc., for terized by raising the tuner housing temperature by externally

the U.S. Department of Energy under Contract No. DE- heating the tuner's cooling water. The change in resonant fre-
AC35-89ER40486 quency was monitored as the tuner, and hence the ferrite's,
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65 B. Ferrite temperature
The LEB cycles at a 10 Hz rate. For continuous 10 Hz

60 operation, heating of the tuner's ferrite is considered to be a
critical consideration. One must be careful not to approach the

55 ... ..... - ferrite's Curie temperature (120D C for this ferrite). Also, a
large temperature difference between the ferrite and water
cooled wall would lead to thermal stress which might crack the

/0 ferrite.

The ferrite temperature was measured under various con-
45 - ditions. The cavity was run at a given voltage and duty factor

until it reached thermal equilibrium (~ 30 min). The rf was
40 then turned off, and a thermistor was quickly inserted between

200 300 400 500 600 700 800 900 the ferrite and vacuum window and touched to the inner radius
I bias (A) of the center ferrite.

-- calculated # measured Figure 4 shows the temperature difference between the
ferrite and the water cooled wall normalized by the tuner
power (the difference temperature was observed to scale lin-
early with power dissipated in the tuner). The plot shows that
the ferrite temperature depends not only on the dissipated

3000 power but also on the frequency. This phenomenon can be
explained by the fact that at low frequencies the ferrite is more

2500 lossy. Hence, more of the total tuner power is deposited in the
ferrite as opposed to the walls, BeO, or Elastoseal.
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1II. HIGH POWER TESTS

A variety of tests were performed to thermally character- Figure 4. Ferrite temperature scaling.

ize the cavity. These were done at relatively low voltages to
avoid any electrical stress problems. The average power dissi- IV. TUNING PERFORMANCE
pated in the tuner was measured with calorimetry. This mea-
sured power includes not only ferrite losses, but also losses in
the cavity walls. BeO and Elastoseal. appropriate frequency program over the 50 ms LEB ramp. To

help determine the tuner's capabilities in this respect, the fre-
A. Power scaling with frequency quency response of the tuner has been measured. The amount

The dependence of the dissipated tuner power has been of shift in the cavity's resonant frequency (dc) for a given
characterized as a function of voltage and frequency. As change in bias current (dl) can be used as a measure of the
expected, the power scales as the square of the gap voltage. It responsiveness of the tuner. For very slow changes in the bias
was also found that, for a given gap voltage, - 1.8 times more current (static tuning), a given change in resonant frequency is
power was dissipated at 47 MHz than at 60 MHz. This is a measured, and df/dI is easily calculated. As the time rate of
result of a higher percentage of the total cavity energy being change in the bias current increases, however, eddy current
stored in the tuner at low frequencies, and the ferrite being effects in the magnet yoke and tuner housing will limit the
more lossy at low bias. change in resonant frequency.

In order to characterize these effects, the bias power sup-
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ply was adjusted to a given dc level with a small amplitude rip- temperature was estimated to have reached 800 C (30° wall
pie imposed on top of that level. The resultant frequency swing temperature). After -10 min into the run, the voltage began
was then measured as a function of ripple amplitude and fre- collapsing - 10 ms into the pulse. Disassembly and inspection
quency. Figure 5 shows measurements of df/dI as function of of the tuner revealed that the fault was located in a localized
modulating frequency. The response is seen to roll off by 3 dB area in one of the outer ferrite rings. The deposition of power
at -30 Hz. However the drop in response is relatively slow (- into this small volume had resulted in very high temperatures
4.5 dB/decade), which indicates that the tuner may have a sig- that melted some ferrite and caused significant cracking due to
nificant amount of response even at a I kHz frequency. the high thermal stresses.
Improvements in the power supply will have to be made in The inspection also revealed an area, away from the dam-
order to obtain data at frequencies above 200 Hz. age location, where a small air gap existed between the ferrite

and copper wall at the inner radius of the ferrite. It is postulated
80 that such an air gap existed at the location of the damage. At

this operating voltage, the fields in such a gap are calculated to
70 be 20 - 25 kV/cm. This could have resulted in the onset of

corona and localized heating of ferrite. After some period of
S60 time the localized heating thermally induced a crack in the fer-

rite which then led to intense localized heating and cata-
50 strophic failure of the ferrite.

40 . .-. VI. SUMMARY
The prototype cavity has been assembled with a conduc-

30 tion cooled tuner and tested. The tuner fault limited some of
1 10 100 1000 the high voltage and power testing. however much valuable

frnod (Hz) information was obtained. The tuning range achieved was

Figure 5. Tuner + cavity frequency response. more than adequate to cover the LEB requirements. The high
frequency tuner response starts to roll off at - 30 Hz. however
the roll off appears to be slow and extrapolates to a non neg-

V. DISCUSSION OF TUNER DAMAGE ligeable response at I kHz.

During the course of testing the cavity, it was operated The overall cavity Q was somewhat lower than expected
overawiderange oue vofltaestind powers.avige 6otws eaited with the extra losses being located in the tuner. The source ofover a wide range of voltages and powers. Figure 6 plots cavity these losses is not yet clear, however it is obvious that they

operating points in terms of gap voltages ran at various tuner limit the high power operation of the tuner.

powers. The cavity was run at > 100 kV, but for only short The cavity was successfully run at 80 kV and at moderate

times and at low duty factors, Most high voltage data was col-
lected at 80 kV and moderate power(l.7 kW). powers. However, the tuner was critically damaged whenpushed to higher powers. Explanations of the fault are tied to

130 breakdown of air pockets due to electric field stress and the
120 - high thermal stresses present in the tuner
110 Testing has now begun on a water cooled version of the
100 - - ' -- tuner.

> 90
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Figure 6. Cavity operating space. [ ] W. R. Smythe. "Reducing Ferrite Tuner Power Loss by

At the time of the failure, the tuner was operating at 80 kV Bias Field Rotation," IEEE Trans. Nucl. Sci.. NS-30,
and pushed to higher powers (2.7 kW) than it had achieved 2173, (Aug. 1983).
before (data point labeled 3/22/93). Therefore, it was being [21 C. Friedrichs. "The Effects of Temperature and RF power
asked to operate at high voltage and high thermal stress simul- Level on the Tuning of the Water Cooled SSC Low-
taneously. The 80 kV gap voltage corresponded to - 30 kV Energy Booster Cavity." these proceedings.
across the tuner at the 58 MHz operating frequency. The ferrite
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Rf Commissioning of the Superconducting Super Collider
Radio Frequency Quadrupole Accelerator*

R. I. Cutler, G. Arbique, J. Grippe, S. Marsden, 0. Marrufo, and R. Rodriguez
SSC Laboratory

2550 Beckleymeade Avenue
Dallas, Texas 75237

Abstract The proper resonant cavity temperature was determined by
The SSC 2.5-MeV H- RFQ is powered by a 600-kW, varying the temperature to produce a minimum reflected

428-MHz pulsed rf amplifier system [1]. The results of the power as measured with a network analyzer. This temperature
SSC RFQ rf commissioning, including the measurements of was found to be 47.0°C. This was a deviation from the
cavity field stability (phase and amplitude) are presented. design value of 40.5°C, but was within the temperature

tuning range of the RFQ Temperature Control Unit (TCU).
INTRODUCTION At the start of rf conditioning, a 50 ps rf pulse was

used at 10 Hz. To prevent excessive power during sparking,

The SSC RFQ is required to accelerate a 30 keV H- rf power was controlled open loop - ie. constant input power

beam to 2.5 MeV. The beam design requirement, at the exit to the cavity. Base upon Q measurements and SUPERFISH

of the RFQ, is 25 mA, 7-35 pIs-long macropulse, with a calculations, the expected rf power level to establish the

repetition rate of 10 Hz. The RFQ uses a 100 ps-long rf design rf field was 320 kW. Power was initially applied at

pulse to establish its accelerating fields. The 100 PS rf pulse the 17 kW level, and continuous multipactoring was

length allows ample time for cavity filling and field observed. The power was then raised to the 85 kW level,

stabilization, so that the very stringent rf field control where intermittent multipactoring and sparking ceased after

requirements of +/- 0.5% of amplitude and +/- 0.50 of phase about 5 minutes.( This power level, as are all power

during the beam pulse can be achieved. The RFQ cavity [2] measurements in this paper, has an absolute accuracy of +/-

is a 2.2 m long structure with a design peak field strength of 5% and a relative accuracy of +/- I%.)

36 MV/m (1.8 Kilpatrick). The rf system for the RFQ After the initial clean-up of the cavity, the RFQ ran

consists of a 600-kW, high-power if amplifier at 427.617 stably at the 85 kW power level. The cavity reflected power

MHz [3], a low-level rf control system (LLRF), and a (after the if fill time) was about 1 kW. The water temperature

supervisory control system. This paper describes the initial was varied to ensure that the cavity was at the proper

RFQ cavity conditioning process, and the rf phase and resonance, and 47.0'C produced the minimum reflected power

amplitude stability measurements performed with the RFQ levels. The rf pulse length was then lengthened to 100 gs,

cavity at design field levels, and the rf power was slowly raised over the course of four
hours to 340 kW, slightly above the expected nominal field

RF CONDITIONING levels. Only slight sparking was observed during this time
interval.

Rf conditioning is the process of achieving the design The RFQ vacuum level was 7 x 10- 5 Pa at the start of
field level in an rf cavity. This is usually done by slowly commissioning. After the initial clean-up, the pressure level
raising rf field levels in the cavity, the rate of rise being in the cavity dropped to 1 x 10-5 Pa, and did not exceed 3 x
limited by the sparking rate and the vacuum levels. As rf 10-5 Pa during the course of conditioning to 340 kW. At
fields in a cavity are increased, electrons and ions are this point, the rf power was lowered to 280 kW, and the
accelerated into the cavity walls, devolving more ions and free LLRF closed loop control system, which insures constant
electrons. This causes a pressure rise, and sometimes a spark field level in the rf cavity, was activated.
or discharge. These sparks are most likely to occur at local An intrinsic Germanium detector was used to measure
high field points, caused by surface irregularities in the the bremsstrahlung x-rays produced by free electrons
cavity. Sparking usually eliminates these points, accelerated into the RFQ vanes. These x-rays have an
Eventually, the walls of the rf cavity are cleaned by the ion endpoint energy corresponding to the maximum intervane
and electron bombardment, and the rf power levels can be voltage in the RFQ cavity, and thus determine internal cavity
raised to the design value. Each rf cavity has a unique voltage levels.( The accuracy of these field level
conditioning history, due to microscopic differences in the measurements is estimated to be a few percent.) The voltage
surfaces of the cavity, levels measured verified that the design field level was

Conditioning of the RFQ cavity was performed at the produced at 330 kW [4].
design frequency of 427.617 MHz. The cavity is maintained Rf conditioning was continued for a total of about 8
on resonance by circulating heated, low-conductivity water hours (not continuously) until 430 kW was reached, which is
(LCW) through channels in the vanes of the RFQ cavity. 136% of the design power level (117% of design field levels).

When the spark rate at this power level was reduced to one
*Operated by the University Research Association, Inc., for spark/2000 pulses, conditioning was considered complete.
the U.S. DOE, under contract No. DE-AC35-89ER40486.
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PHASE AND AMPLITUDE STABILITY Table 2
MEASUREMENTS Rf Stability Measurements at 110% of RFQ Nominal Field

Level
Once the RFQ cavity was conditioned, phase and

amplitude stability measurements were made at the nominal Cavity Power Level 400 kW
cavity field level (335 kW) and at plus and minus 10% cavity Frequency 427.617 MHz
field levels (400 kW and 260 kW, respectively). The rf Pulse Length 100 AIs
system requirements are +/- 0.5% cavity field amplitude Repetition Rate 10 Hz
stability and +/- 0.50 cavity phase stability as measured in a Phase stability: +/- 0.1°
50 ps window within the total 100 lis rf pulse. A stability Amplitude stability: +/- 0.1%
run of four hours duration was made at the design power level Total number of cavity arcs 278
of 335 kW at 10 Hz. Phase and amplitude were monitored Total number of Amplifier Crowbars 0
using the LLRF monitoring system to record the phase and Total number of pulses (approx) 72000
amplitude 55 lis into each pulse. The amplitude of the total
pulse was also monitored using a differential input
oscilloscope. The oscilloscope trace was photographed every Table 3
15 minutes to check amplitude stability in the 50 its window. Rf Stability Measurements at 90% of RFQ Nominal Field
The phase of the total pulse was also monitored using an Level
oscilloscope. The phase waveform was recorded every 15
minutes. A counter was used to record the number of cavity Cavity Power Level 260 kW
arcs during the four hour run. The results of these Frequency 427.617 MHz
measurements are listed in Table 1. Pulse Length 100 Pis

Repetition Rate 10 Hz
Phase stability: +/4 0.1o

Table I Amplitude stability: 4/- 0.1%
Rf Stability Measurements at RFQ Nominal Field Levels Total number of cavity arcs 109

Total number of Amplifier Crowbars 0
Cavity power level 335 kW Total number of pulses (approx) 40000
Frequency 427.617 MHz
Pulse length 100 ts The rf system has again met stability requirements.
Repetition rate 10 Hz
Phase stability: +/_ 0.2° SUMMARY
Amplitude stability: +/- 0.2%
Total number of cavity arcs 109 (18 during last The SSC RFQ was rf conditioned in only 8 hours to

hour of test) 117% of the design field level. The rf system has achieved
Total number of amplifier crowbars 2 (both within one the design stability values for amplitude and phase control,

minute of each other) and the RFQ rf system is operating reliably at the SSC.
Total number of pulses (approx) 144000
Total number of pulses out of 17 (plus sparks) REFERENCES
tolerance

[11 R. I. Cutler, J. Grippe, 0. Marrufo, S. Marsden, J. Mynk,
These measurements were performed just after the R. Rodriguez, M. Tomek, "SSC Linac RFQ Rf System",

initial cavity conditioning. Since then, the spark rate has Proceedings of the 1992 Linear Accelerator Conference, Vol
dropped considerably, to less than I spark/10000 pulses. As I, pp 380-382.
can be seen from Table 1, the phase and amplitude control is [2] D. L. Schrage, et al., Radio Frequency Quadrupole
within specifications for this rf system. Accelerator for the Superconducting Super Collider,

Proceedings of the 12th International Conference on the
The stability tests were also performed for +/- 10% Applications of Accelerators in Research and Industry.

RFQ field values (+/- 20% in power) for two hours and one Denton Texas, to be published.
hour respectively. The results are summarized in tables 2 and [31 J. Grippe, S. Marsden, A. Regan, D. Rees, C. Ziomek,
3. "Design and Results of the Radio-Frequency Quadrupole

RF System at the Superconducting Super Collider", these
proceedings.

[4] G. Arbique, et al., "The SSC RFQ System Integration",
these proceedings.
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Design of a Tuner and Adjustable RF Coupler for a CW 2856 MHz RF Cavity*

M.S. de Jong, F.P. Adams, R.J. Burton, R.M. Hutcheon, T. Tran-Ngoc
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada KOJ IJO

A. Zolfaghari and P.T. Demos
Massachusetts Institute of Technology, Bates Linear Accelerator Center

Middleton, MA 01949, USA

ABSTRACT Table 2: SHR Cavity RF Coupling Specifications

A tuning plunger and an adjustable RF coupler have been Design power > 20 kW
designed at AECL's Chalk River Laboratories for a CW 2856
MHz RF cavity for the MIT-Bates South Hall Ring. The Input line WR284 waveguide
tuner provides a frequency range of 1.1 MHz with a
frequency resolution of less than 0.5 kHz. The high-power Input coupling VSWR < 1.8:1

RF drive coupler uses iris coupling and a set of coupling Coupling factor, ft Adjustable up to 10
factor (3) adjustment posts to provide fixed a-values from 1 in fixed steps
to 10. This paper describes the RF design, mechanical design
and performance of these units.

INTRODUCTION design has over 1000 kHz tuning range about 2856 MHz.
A cross-section of the cavity in the tuner plane is shown

The 2856 MHz RF cavity required by the MIT-Bates in Figure 1. The 12.7 mm diameter tuner plunger is centered
South Hall Ring, and described elsewhere,' places heavy in a 15.9 mm diameter hole in the cavity wall. The plunger
demands on the cavity's tuning and RF coupling systems. The surface facing the cavity centre is restricted from any position
high average dissipated power, up to 10 kW CW, and a wide closer to the centre than the cavity wall. This constraint
range of beam-loading conditions, covering both pulse- reduces the maximum frequency shift possible, but also
stretcher and storage modes of operation, require tuning and reduces the RF dissipation on the plunger. The measured
coupling systems with a wide range of capability. Reference frequency range with this tuner is shown in Figure 2.
design requirements for the tuner and RF coupling system are The tuning plunger is water cooled using internal coaxial
given in Table I and Table 2, respectively, cooling lines, where the water flows down inside the outer

wall of the plunger and returns up the centre. Provision has
Table 1: SHR Cavity Tuner Specifications also been made for a small-diameter line to the high-vacuum

region inside the tuner. This can be used to provide additional

Cavity Frequency 2856.000 MHz

Frequency Range ± 200 kHz ___

awdrCooing
Tuning angle precision ± 0.50 w11e10 Fri e

Vacum ---• -

TUNER DESIGN C Fl
-- TunlV Pku•

The tuning range specification of 200 kHz covers the
expected range of cavity detuning required for beam-loading
compensation. However, additional tuning is required to ........

compensate for an approximate 350 kHz frequency shift from
thermal expansion of the cavity body at 10 kW dissipated
power, and for a frequency shift of up to 200 kHz caused by
changes in the RF coupling factor. Consequently, the tuner

Figure 1: Cross-section of Cavity and Tuner

"This work is performed under US Department of Energy contract number DE-ACO2-76ER03069.
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285 .............. . . .... coupling aperture. The X/4 taper produced a coupling factor
over 7.0, and the longer, X/2 taper produced a coupling factor

2M6• of 9.5. In both cases, critical coupling, 3= 1, could be
achieved using a metal post penetrating across the guide

X X 2686 approximately X/4 away from the iris. An alumina post was
also tested. In this case, a substantial range of P was

28M.26562 possible, but critical coupling could not be achieved. The
maximum change in cavity frequency produced by the post

2856.0 was less than 250 kHz. The improvement in the coupling
2.8 with the longer taper is caused by the better match between
2656.6 •the different waveguide heights produced by dhe longer taper.

266.6 The final RF coupler design is shown in Figure 3. A
0 2 4 8 a 10 3X/4 taper, made from three separate linear V4 sections

TUNER WITHDRAWAL (ram) approximating an exponential taper, was se.lected to provide

Figure 2: SHR Cavity frequency as a function of tuner the match between the WR-284 waveguide s.nd the 5 mm high
withdrawal from a position flush with cavity wall. coupling aperture in the cavity. The long taper is essential

because of the large reduction in waveguide height required.
Calculations of the matching section indicate that the VSWR

pumping in this area if out-gassing is a problem during initial through the taper is less than 1.2. The 5 mm aperture height
testing. No sliding RF contacts are used between the tuning is necessary to minimize the perturbation on the cavity cooling
plunger and the hole walls in the cavity, channels. This he.ghi is sufficiently small to fit between the

At the tuner position nearest the cavity wall, the main outer cooling channels at the mid-section of the cavity.
frequency gradient is almost 400 kHz/mm. When the RF The coupling is only weakly dependent on this height. The
coupling factor, a, is I (critical coupling), the frequency shift aperture also extends 5 mm along the RF propagation
required to produce a tuning angle change of 0.50 is less than direction, again to provide sufficient space for the cooling
1.5 kHz or, equivalently, a tuner position shift of less than
3 Am. A standard, commercial linear actuator, a VP30-10
Stepping Motor Driven Actuator, from Klinger Instuments,
operates the bellows. It provides 10 mm of linear travel in Confli Loun*V Flange
1.0Lm steps. This provides a tuning angle precision of better
than ± 0.20 for all a. A shaft encoder monitors the actuator
position, with limit switches and origin reference included in
the actuator.

RF COUPLER DESIGN

Initially, inductive RF input coupling was considered.
Typically, this uses a drive loop at the end of a coaxial line.
The coupling factor, 0, could be adjusted by rotating the drive 31414 Exponentl Taper
loop at the cavity wall. However, the size of drive loop and
coaxial line suitable for an S-band cavity would be too small Rf A etun
to handle over 20 kW CW RF power. The RF losses in the
small line would cause excessive RF dissipation that cannot
easily be cooled. Copn Pung r

Upon further examination, an RF coupling design based
on aperture coupling was considered much more reasonable.
Aperture coupling is often used on S-band accelerator
structures, but usually with a single, fixed coupling factor. -

The design strategy was then to find an aperture coupling
design with #= 10, and provide a method for reducing the ---------- - ---

coupling without excessive shifts in the fundamental (TM010-
mode) frequency. An adjustable capacitive post, located in the "-_......_"
drive waveguide at the first minima in the standing electric

field pattern, was selected to adjust the coupling.
A cold model to test this technique was fabricated with

two different electric field tapers in the waveguide before the Figure 3: Rf Input Waveguide and Aperture-Coupler
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channels. Computations have shown that the coupling is not 2 ......... ......... ..... 2855 70

strongly dependent on this thickness, either, provided the . .. . . .
thickness is much less than X. Io° o--. 285560

The post shape and position were selected to provide the -- 28-550

full range of coupling required while minimizing the cavity 2 4 2-5

frequency shift produced by changes in the coupling. A set of • " 2855 5o

water-cooled posts was manufactured with varying lengths to 0 , \
cover the full range of fl, each brazed to separate 2'" Conflat a '1. _", 285530 o,

flanges. The coupling factor can be changed simply by ( 6 -- a-- FREQUENCY

changing posts. Figure 4 shows the effect of coupling post -4-- COUPLING FACIOR 1 \ 285520

length on the coupling factor and cavity frequency.. ... - ...... 1....... 2855

2 4 6 8 to 12 14 16

CONCLUSION PLUNGER INSERTION (mm)

Figure 4: Effect of post length on coupling factor and cavity
A tuner and RF coupler for a high-power, 2856 MHz RF frequency.

cavity have been designed and fabricated at AECL's Chalk
River Laboratories for the MIT-Bates South Hall Ring. The
tuner is designed to handle high-power dissipation and provide REFERENCES
the frequency precision necessary for accurate control of the
cavity detuning angle. The RF coupler provides a range of # 1. M.S. de Jong, et al., "A 2856 MHz RF Cavity for the
from I to 10 using a set of fixed capacitive posts, positioned MIT-Bates South Hall Ring," in the proceedings of this
to minimize the cavity frequency perturbation. The entire conference.
cavity system, including the tuner and RF coupler, is presently
at MIT-Bates awaiting final testing and installation.
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A 2856 MHz RF Cavity for the MIT-Bates South Hall Ring*
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Middleton, MA 01949, USA

ABSTRACT electrons at energies from 300 to 1000 MeV. At the ring RF
frequency of 2856 MHz (the same as the linac frequency), the

A single-cell 2856 MHz RF cavity for the MIT-Bates harmonic number is 1812 and every bucket is filled with
Linear Accelerator Laboratory South Hall Ring (SHR) has electrons. The high average current with all buckets full
been designed and built at AECL's Chalk River Laboratories. constrains the ring RF system to have very low longitudinal
The SHR is an electron beam storage ring designed to operate impedance at all frequencies other than 2856 MHz, to avoid
with all (1812) RF buckets filled and a circulating current of multi-bunch instabilities, while providing bucket voltages of up
80 mA. The RF cavity, designed for CW operation with to 129 kV to maintain and control beam bunch shape and
10 kW wall dissipation, has a 40 mm diameter beam aperture, energy. A single-cell standing-wave RF cavity has been
on-axis higher-order mode damping and an iris-coupled RF designeCr and built to meet these RF requirements with the
input. This paper describes the cavity RF and mechanical specifications shown in Table 1.
design, the system fabrication and the results of measurements A series of computations have been performed to analyze
on the completed cavity. and optimize the designed cavity performance. These include

an analysis of cavity modes using the RF computer codes,
INTRODUCTION SUPERFISH, SEAFISH, and URMEL, and an analysis of

cavity temperature and thermal-mechanical stress at a nominal
The MIT-Bates Linear Accelerator Center is building an 10 kW dissipated RF power using the MARC code.

electron storage ring, known as the South Hall Ring (SHR), A cross section of the cavity is shown in Figure 1. The
for medium-energy nuclear physics experiments. The ring main cavity body is fabricated from brazed oxygen-free
will have two modes of operation: a pulse stretcher mode that electrical (OFE) copper segments with embedded water-
provides an external CW electron beam from a 1 % duty factor cooling channels. The cavity uses iris coupling with
injection linac, and an internal target mode that stores the adjustable P and a mechanical tuning plunger described in
electron beam in the ring, to provide high average current for more detail elsewhere.'
targets internal to the ring. The SHR has a 190 m
circumference, and is designed to store up to 80 mA of

Table 1: Specifications for the MIT-Bates SHR RF Cavity

Frequency 2856.000 MHz

Gap voltage 129 kV

On-axis rf electric field > 2.6 MV/m

Power dissipation > 10 kW

HOM Impedance
Longitudinal < 500 0
Transverse < 100 k0

Beam aperture 40.0 mm Figure 1 Cross section of MIT-Bates SHR RF cavity
showing the copper body with embedded water-cooling
channels.

This work is performed under US Department of Energy contract number DE-ACO2-76ER03069.
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RF DESIGN Table 3: Significant SHR Cavity Dipole Modes Below
10 GHz

The RF design challenge is to find a cavity profile that
maximizes the cavity shunt impedance at 2856 MHz,
important for RF operating efficiency, while minimizing the Frequency R' R' Q
longitudinal and transverse shunt impedance in higher-order (MHz) (undamped) (damped) (damped)

modes (HOM), important for beam stability. The high (k0) (0)
average beam current of the SHR with beam in every RF 3972.0 237.2 279 23
bucket makes reduction of the effective HOM impedance
critical. 6029.8 104.7 51 14

The cavity profile design for the SHR has a large 40 mm
beam aperture, through which HOM's are coupled out of the
cavity and into the 60.3 mm diameter beam-pipe. The profile
was adjusted to maximize the separation between the TM010  Table 3 gives the results of URMEL calculations for all
fundamental mode at 2856 MHz and the next lowest dipole modes up to 10 GHz with the radially independent
azimuthally symmetric (monopole) transverse magnetic (TM) transverse shunt impedance parameter, R', greater than
modes. All these TM modes, other than the TM010, and all 100 kO. However, all these modes are above the TE dipole
cavity dipole modes are above the corresponding mode cut-off mode cut-off frequency of the beam-pipe, and are strongly
frequencies in the beam-pipe: 2914 MHz for dipole modes damped by losses down the beam-pipe. The effective Q of
and 3806 MHz for monopole TM modes. This permits these modes was computed by a technique described by
damping of HOMs by a thin layer of RF-absorbing ferrite Mosnier. 3 The Q, once these losses are considered, drops
distributed azimuthally inside the beam-pipe, in the region below 25. Consequently, no dipole modes below 10 GHz
near the cavity. Conceptually, this approach is very similar have significant longitudinal shunt impedance.
to that used by Cornell in their design of HOM dampers for
super-conducting cavities for a B-factory. 2  MECHANICAL DESIGN

The results of an analysis of the first few TM monopole
modes are given in Table 2. The Q of each mode was Each half of the cavity is machined from two OFE copper
determined from SEAFISH computations, and includes both segments that are machined with accurately matching surfaces.
surface RF losses from the finite conductivity of the copper Four water-cooling channels are machined into this surface on
cavity as well as volume RF losses in the HOM damper the inner half cavity. The two segments are then brazed
ferrite. Since only the TM01 0 mode is below the cut-off together to form the complete cooling channels in each half
frequency of the beam-pipe, it is not significantly damped by cavity. This braze is performed before the final machining of
the ferrite and is the only mode with a high Q. The modes the inner cavity profile.
that are anti-symmetric about the cavity mid-plane propagate In each half cavity, the two outer channels are connected
out of the cavity so well, as indicated by their low Q's, that in series and the two inner channels are connected in series.
SEAFISH could not accurately find the resonant frequencies. For a ATof 10°C, the total flow required is 0.24 LUs through
Thus, the Q's for these modes should be regarded as upper the cooling channels. With these four parallel cooling circuits,
limits. the flow velocities, v, are 3 m/s and 4 m/s in the outer and

inner cooling channels, respectively. These flow velocities
were chosen to give a fully turbulent flow with the highest
possible heat transfer coefficient to the copper cavity body.

Table 2: Computed SHR cavity azimuthally symmetric Heat fluxes, calculated by SUPERFISH, and the film

mode characteristics heat-transfer coefficients for the water cooling, were used to
calculate the copper temperature distribution using the MARC
finite-element code. The temperature distribution is fairly

Frequency Longitudinal Q uniform in the radial direction, with the highest value

(MHz) Shunt Impedance predicted to be 48°C, based on a water inlet temperature of

(kO) 15°C. The water-cooling strategy is to regulate the output
temperature to a fixed value, using an external water-cooling

2870 953.0 19 480 system. The set-point value for the outlet temperature is
25°C. Thus, with no input power, the cavity body is at 25°C.
As the dissipated power increases, the inlet water temperature

6000 0.18 81 decreases to maintain the same outlet temperature. For the
design temperature difference of 10°C at full power (10 kW),

8100 0.11 43 the inlet temperature will be 15°C. This scheme is easy to

8167 1.1 209 implement and reduces the average temperature change of the
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cavity body, from zero to 10 kW dissipated RF power, to less standing wave patterns in the beam-pipe and splitting of the
than 10*C. cavity mode. A typical measurement of a TM020 -1ike cavity

The MARC code was used to perform a thermal-stress mode, Figure 3, shows the presence of the standing wave in
analysis, including the small additional effects of vacuum and the beam-pipe sections on either side of the cavity, indicating
water pressure. The highest von Mises equivalent stress is the large coupling of the mode out of the cavity. The R/Q for
calculated to be 28 MPa at the cavity nose region near the this distribution is less than 1 0.
beam aperture. However, this is well below the yield strength
of annealed copper, which is approximately 60 MPa.

The predicted thermally induced cavity deformation 3...........
produces an increase in the cavity wall radius of about
0.010 nun. This deformation results in an estimated 360 kHz
frequency shift of the cavity from zero power at 25°C cavity
body temperature to 10 kW dissipated power with 15°C inlet
water. At the power levels considered in this analysis, the 92
results scale linearly with power level, so operation at higher L

dissipated power up to about 15 kW should be possible while S
remaining well below the yield strength of copper.

LOW-POWER RF MEASUREMENTS W1.

0

After completion of cavity fabrication and assembly of the
cavity tuner and RF drive coupler, the relative distribution of
the axial RF electric field was measured using the dielectric- 0 A.,
bead fiequency-perturbation method (the bead-pull technique). -100 -80 -20 20 60 100
Several distributions were measured to determine the Q- AXIAL POSITION (mm)

normalized shunt impedance (R/Q) of the cavity at the TM010 Figure 3: Squared RF electric field from bead-pull on
mode and any TM azimuthally symmetric higher-order modes F ig e 3: ar RF ela l
below 6 GHz. A typical TM010 measurement, shown in TM0 20-1ike mode at 5807 MHz.
Figure 2, gives an R/Q of 49 0, in good agreement with
calculated design value. Additional measurements of the broad-band shunt

impedance to higher frequencies will be made before final
cavity installation in the SHR.

100 CONCLUSION

A high-power CW 2856 MHz cavity has been designed
and fabricated at AECL's Chalk River Laboratories for the
MIT-Bates SHR. The cavity is characterized by a large

so 40 mm beam aperture and highly damped HOMs. The cavity

is presently at MIT-Bates, awaiting final low-power testing

W /and installation.
LU
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Cavity RF Mode Analysis Using a Boundary-Integral Method

M.S. de Jong and F.P. Adams
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada KOJ IJO

ABSTRACT BOUNDARY-INTEGRAL EQUATIONS

A 3-dimensional boundary-integral method has been Although Maxwell's equations are usually posed as a set
developed for rf cavity mode analysis. A frequency- of coupled differential equations, many alternative, equivalent
dependent, homogeneous linear matrix equation is generated sets of integral equations can be derived. One useful integral
from a variant of the magnetic field integral equation (MFIE) equation2 for harmonically varying fields with angular
where the domain of integration is a closed surface specifying frequency w is:
the rf envelope of the cavity. Frequencies at which the MFIE 1
has non-zero solutions are mode frequencies of the cavity, and H(rI) = x- ,(JxV )dv
the solutions are the corresponding surface magnetic field 47)

distributions. The MFIE can then be used to calculate the + 1 r['iw E(nxE)0p-(nxH)xV0J-(n H)Vujda
electric and magnetic field at any other point inside the cavity. 47r

Forward iteration is used to find the largest complex where
eigenvalue of the matrix at a specific frequency. This eIl ,r
eigenvalue is 1 when the frequency corresponds to a cavity rf - __ (2)
resonance. The matrix equivalent of the MFIE is produced by I r' -rj
approximating the cavity surface by a set of perfectly E and H are the electric and magnetic fields, S is any surface
conducting' surface elements, and assuming that the surface enclosing a medium with volume V, dielectric constant E,
magnetic field has constant amplitude on each element. The internal current distribution J and propagation constant k, and
method can handle cavities with complex symmetries, and be n denotes an inward-facing unit vector normal to the surface.
easily integrated with finite-element heat-transfer and stress If S specifies a cavity with a perfectly conducting surface
analysis codes. enclosing a volume with no internal current distribution (i.e.,

J = 0), then (1) simplifies to:
INTRODUCTION

H(r/) = -I_ nxH(r)xVOda (3)
Computer codes capable of calculating the full 3- -- r

dimensional electromagnetic field distributions are now for all r/, r on the surface. The simplicity of (3) arises since
commonly used for designing rf cavities for accelerators.
However, most of these codes need large computational only n X H, the component of H transverse to the surface, is
resources to compute sufficiently detailed distributions for non-zero on a perfect conductor.
further mechanical engineering analysis of cavities. This equation is a variation of the magnetic field integral
Furthermore, the mesh often used by these codes is not equation3 (MTE) commonly used for the analysis of antennas
compatible with finite-element meshes commonly used in itrar squati on-(3)oisomons freHolm
commercial thermal-stress analysis codes used in the integral equation, 4 which has non-zero solutions for H only at
mechanical design. Past work at AECL in the mechanical discrete values of w where the equation is said to be singular.
design of high-power rf cavities for a variety of applications The frequencies where (3) becomes singular are the cavity
showed the desirability of a technique to compute the rf field resonance frequencies, and the corresponding solutions, H, are
distribution over the cavity surface on the same surface mesh the resonance field distributions.

used in mechanical thermal-stress analysis. This paper NUMERICAL SOLUTION OF THE NFIE
presents such a technique that uses a boundary-integral method
to compute the surface rf magnetic field distribution in cavitiesfilled with a homogeneous medium. A similar approach using Equation (3) is transformed into a matrix equation using

filld wth hoogenousmedum.A smila aproah uing standard techniques in finite-element analysis, 5 in this case
a different boundary-integral relation has been developed at
the University of Pavia.' In addition to being particularly using the collocation technique with pulse basis functions.

convenient for coupled rf-mechanical design problems. these The surface is approximated by a set of 4-node quadrilateral

techniques usually require considerably less computational elements with the tangential rf magnetic tield assumed to be
effort. constant within each element. The collocation points are the

geometric centres of each element. This results in two
complex degrees of freedom for each element.

0-7803-1203-1/93$03.00 0 1993 IEEE
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A constant, purely tangential, rf magnetic field is assumed
over each surface element. An element basis is defined for H =FHI1 (8)

each element i, where ni and ni are orthogonal unit vectors H14 2

tangential to the element and n, is a unit vector normal to the
element. Since the four nodes defining a surface element are H - K(k)", (9)

not constrained to lie in a plane, the unit vector n, is defined where the equality only holds, for ticn-zero H, at values of k
to be parallel to the cross product of vectors joining opposite corresponding to cavity resonant modes,

comers of the element. The other two unit vectors, ni and These mode frequencies are found by the following
2 method. Equation (9) is generalized to be a standard matrix

n?, are then defined to be orthogonal to each other and to n i . eigenvalue problem with k-dependent eigenvalues:
Equation (3) then becomes X(k)H = K(k)H. (10)

Hj =. Ail' Hi + Ai.j Hi2 Since K is a non-symmetric complex matrix, all X are
N (4) generally complex as well. The eigenvalues of (10) are

Hi-2 
= IV 12(Hi' + A22H21) searched while varying k for values meeting the conditions

i--• R(X(k,,)) - 1, •Ž(X(km)) = 0 (11)
wherei

where when there is a resonant mode with k = km. The
H = HYn' + H 2 n2 . (5) corresponding eigenvecto- ,s the rf magnetic field distribution

e terms in for the mode.
The boure thermsi In practice, when searchiig, for the lowest frequency
the four matrices mode, the eigenvalue of (10) that will satisfy (11) is usually

A1 1 - f V0 (r-r.)da, the eigenvalue with largest magnitude. In this case, direct

~j --"~ n* " JS diteration 6 is a convenient technique to find )(k). Frequently,
12 2 f n V'-d variants of forward iteration can be used to find a significant

Ai, ' number of low-frequency modes.(6)
A21 2(

21j = n 2 . X n' x V0k (r-rj) da, RIGHT-CIRCULAR CYLINDER EXAMPLE

A 22  
22 * n da The lowest frequency rf modes of a right-circular cylinder

i'j =n Vi( Is with 100 mm radius and 200 mm height have been found

Each surface integration uses 1-point integration for using the boundary-integral method. The symmetry in the

distant elements, and 4-point Gaussian integration for nearby problem permits modelling of one octant of the cavity. Only

elements. The transition between 1-point and 4-point 103 surface quadrilateral elements are used. Unlike most

integration occurs when the distance between collocation finite-element meshes, a connected mesh is not required for

points exceeds four times the average dimension of the this simple implementation of the boundary -integral method.

element. The results are very insensitive to the exact which permits more flexibility in me~h generation.

threshold. Figure 1 shows the distribution of eigenvalues of (1)) for

Any symmetry that exists in the problem may be a frequency of 1150 MHz. A comparisc, of several low-

incorporated in the surface integration by extending the order mode frequencies for this cavity computed using this
integral in (6) over al! elements that map into element i by boundary-integral-method mesh, to frequencies calculated fromsymmetry while performing appropriate transformations of the exact analytic expressions, 7 is shown in Table I. Figures 2rf magnetic field, Hi. Possible transformations include and 3 show the rf surface magnetic field distribution for thu

rotation, and symmetry or anti-symmetry under reflection. two lowest frequency modes.
Matrices A'', A21, A12 and A-22 may be combined into a The boundary-integral calculations were performed on a

single 2N-by-2N matrix: microcomputer using a 25 MHz Intel 386SL microprocessor
with a 387 numeric co-processor. The timc to calculate the

21) matrix K for a specified frequency was 45 seconds: 50 direct[:' i . (7) iterations, taking 35 seconds, wvere sufficient to conmer,'e on
the maximum eigenvalue. Typically, three to four cvaitations

and the two N-vectors H' and H2 may be combined into a ot K at different frequencies are required to find each resonant
single vector of length 2N: mode. It is not necessary. although often convenient, to find

the mode frequencies in increasingI order.
The result is an approximation of (3) in the form:
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SUMMARY 1 .5 Imaginary

A new approach for analyzing 3-dimensional rf resonant
modes using a boundary-integral technique has been presented. --.........
The technique was used to compute the several rf mode
frequencies and field distributions for a right-circular cylinder. 0.5

The technique is being applied to several complex rf cavities
for particle accelerators. Raw
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Figure 2. TM010 mode surface rf magnetic field

Table I RF mode frequencies of a cylindrical cavity 100 m distrbution calculated using the boundary-integral

high and 200 mm in diameter method.

Resonant Frequency
Mode Analytic Boundary-Integral

Method

TMO1O 1147.43 1152.23

TEIlI 1737.42 1735.30

TMIIO 1828.24 1833.90

TMOI1 1887.72 1889.36 A

TE211 2090.59 2089.00

TEOI1 2364.18 2363.10

TM11 2364.18 2368.52 ----

TM210 2450.38 245/.10

TE311 2503.01 2503.46 Figure 3. TE1 II mode surtace rf magnetic field

distribution calculated using' the boundary-integral
method.
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DESIGN CONSIDERATIONS FOR HIGH-CURRENT
SUPERCONDUCTING RFQ'S

J. R. Delayen, C. L. Bohn, W. L. Kennedy, L. Sagalovsky
Engineering Physics Division, Argonne National Laboratory

Argonne, Illinois 60439 USA

prescription based on Kilpatrick factor, field enhancement
coefficient, and constant capacitance of the RF structure,

Abstract may be neither optimal nor desirable for SCRFQ.
As a general guideline, SCRFQ must have a fairly large

As part of our ongoing development program of high- aperture equal to at least 5 times the rms beam radius. To
current cw accelerators, we are investigating the use of accommodate the deiand for strong transverse focusing,
superconducting RFQs to capture, bunch, and accelerate one should choose a low ft quency since the superconduct-
high-current, cw ion beams to energies where they can be ing resonators do not seem to suffer from the frequency-
further accelerated by more conventional independently- dependent electric-field breakdown.
coupled superconducting cavities. This investigation ad- Longitudinal transmission is affected by the RFQ bunch-
dresses issues related to beam physics, thermal manage- ing rate. The trade-off is between the increased parti-
ment, electromagnetic design, mechanical design, match- cle capture and the overall length of the accelerator. By
ing to the ion source, etc. increasing the energy at the end of the gentle buncher,

thereby causing the beam to be bunched at a slower pace

I. INTRODUCTION as it is accelerated, we can achieve design transmissions
above 99%. The overall length of the RFQ would typically

As part of our ongoing program to apply rf superconduc- rise quadratically with the energy increase.
tivity to high-current superconducting accelerators [1], we As a test case we looked at a SCRFQ design for a 25 mA
are investigating the use of superconducting RFQs to cap- and a 100 mA rms-matched proton beam accelerated from
ture, bunch, and accelerate high-current ion beams be- the initial energy of 100 KeV to the final energy of 3 MeV.
fore injection into superconducting linacs comprised of We chose a frequency of 200 MHz, peak surface field of
independently-coupled cavities. This research is motivated 40 MV/m, and a minimum aperture of 5 mm for the beam
by preliminary results which indicated that the supercon- with initial rms normalized emittance of 0.2 mm - mrad.
ducting technology may appreciably extend the applica- We varied the energy at the end of the gentle buncher
tions of RFQs [2, 3]. To that end we have been investigat- from 0.5 MeV to 1.5 MeV and studied the transmission
ing RFQ geometries which seem to be better suited to the through the RFQ with PARMTEQ. The energy at the end
superconducting technology [4]. In this paper we address of the shaper was kept constant, with exception of the last
some beam dynamics and design issues associated with the case where it was raised by 25%. The results are shown
development of high-current superconducting RFQs. in Fig. 1. Fig. 1 also shows how the particle loss relates

to the overall RFQ length. For the 25 mA beam, for ex-
ample, raising the design beam transmission from 97.7%

II. BEAM DYNAMICS ISSUES to 99.6% to 99.9% would mean respective length increases
from 2.7 m to 4.3 m to 6.0 m. Upon closer examination,

In the beam current range of 25 mA to 100 mA, thermal one sees that the lower transmission in the shorter struc-
management considerations suggest that a tolerable level tures is due to the particles lost longitudinally. Because
of beam impingement in a superconducting RFQ (SCRFQ) of simplifications in the way PARMTEQ calculates space-
is 0.5% or less. Designing a structure with better than charge forces, these "out-of-the-bucket" particles are not
99% transmission presents special challenges. For one, accurately tracked throughout the RFQ. It is not clear if
no present beam dynamics code achieves the required ac- the particles are transported unaccelerated or are deflected
curacy. Another problem is that the design procedures into the walls of the acclerator. Clearly, the latter sce-
suitable for conventional RFQ's, which use a hard-wired nario would be detrimental to the successful operation of

*Work supported by the Strategic Defense Initiative Organization SCRFQ.
and the U. S. Department of Energy. We can get a rough understanding of what happens to a
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Figure 1: The length L and the energy at the end of gi . I i uru 2: Emittance growth and particle loss versus frequency
tie buncher Wgb as functions of the particle loss. Overall itrni ARMTEQ numerical simulation studies of SCRFQ de-
SCRFQ parameters are f = 175 MHz, E, = 40 MV/m, signs for protons at E. = 40 MV/m
W. = 0.1 MeV, WI = 3.0 MeV. Parameters at the end of
gentle buncher are a = 0.5 cm, m = 2.25, 0, = -30'. For a numerical example, we picked the case mentioned

above: a 2.7 m RFQ with the energy at the end of the gen-

particle which falls out of the longitudinally stable region tie buncher equal to 1.0 MeV. In this design, all the parti-
by calculating the effect of the trailing bunches on its tra- cle loss occurs about 50 cm upstream the gentle buncher's
jectory. The momentum kick imparted on the particle by end; the particle falls out of the bucket when it reaches the
a bunch of current I can be approximated by a Rutherford energy of 0.32 MeV. The design parameters are as follows,
scattering formula: W = 1.1 X 107 sec- 1 ; f = 2.0 x l0SHz;

2qI

AP.L (1) Q = 1.7 x 108 sec-1; ro = 0.13 cm.
47rcoAvfro' Table 1 summarizes the results for the I = 25 mA design.

where q is the particle's charge, f is the RF frequency, r0  Table 2 gives the results for the I = 100 mA.
is the initial radial displacement of the particle, and Av
is the relative velocity of the lost particle with respect to Table 1: Effect of four trailing bunches on a drifting
the trailing bunch. As the bunch accelerates, its velocity out-of-bucket particle for I = 25 mA.
changes but in this rough calculation we assume the veloc-
ity to be constant. We take the relative velocity Avn to
be n wtn, z [em] ALL _

Av, = vn-- V0, (2) 1 0.375 26.5 1.12 2.46 x 10- 3.8 x 10-
2 0.554 39.2 1.67 1.66 x 10-3 1.7 x 10-3

where vn is the velocity with which the nth bunch over- 3 0.701 49.6 2.10 1.30 x 10- 1.0 x 10-
3 0.701 49.6 2.10 1.30 x 10-3 1.0 X 10-3

comes the lost particle drifting at constant velocity v0 . 4 0.951 58.8 2.50 1.10 x 10-3 7.5 x 10-4
For a particle initially displaced by r0 undergoing a beta-

tron oscillation due to the external focusing, we can obtain
the oscillation amplitude increase Ar due to the space- We see that for the 25 mA beam the radial upward mo-
charge kick Apj: tion of the longitudinally unstable particle is mostly negli-

[( (ApI)2)1/2 gible, but for the 100 mA beam the space-charge imparted
A[ = 1r (3) radial displacement is on the order of 10% of the initial

m 2(2 2 r• 2 J radius.

We have also looked at the frequency choice for the

where m is the particle's mass and (2 is the betatron angu- SCRFQ. In general, lower frequency is preferable for bet-

lar velocity related to the RFQ focusing parameter B and ter transmission characteristics. However, as a rule [5],

the frequency f as follows, lower frequency leads to a larger emittance growth. Fig. 2
shows results of PARMTEQ simulations where the parti-

B cle loss and emittance growth are given as functions of the

Sv'r" (4) frequency for 50 mA and 100 mA proton beam.
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Table 2: Effect of four trailing bunches on a drifting * Dipole
out-of-bucket particle for I = 100 mA. 230 Quadrupole

n wt,, Zn [cm] a AL a 220 f [MHz]___n~tu9 l'f1 0.375 26.5 1.12 7.68 x 0- 5.9 x 10

2 0.554 39.2 1.67 5.16 x 10-3 2.7 x 10-2 210

3 0.701 49.6 2.10 4.04 x 10-3 1.7 x 10-2

4 0.951 58.8 2.50 3.42 x 10-3 1.2 x 10-2 200 .

Z9 Ncm]
190

III. GEOMETRY 0 2 4 6 8 10

In earlier work [4] we investigated a geometry which is Figure 4: Quadrupole and dipole mode frequencies for struc-

suited to high-current superconducting RFQs. It combined ture of Fig. 3 as function of rod extension Zg.
the best features of the 4-vane and 4-rod geometries which
are widely used. This geometry is obtained by providing extend close to the end plates which have short stubs of
periodic cutouts in a 4-vane geometry which allow mag- less than I
netic coupling between adjacent quadrants. The resulting
structure is simple to manufacture in niobium, is easy to 1.1 Zg
cool, and provides a quadrupole mode which is lower in fre-

quency than, and widely separated from, the dipole mode. V
We are now extending the analysis of this geometry which 1.0 9
was limited to infinite periodic waveguides to include the 8
end effects of a finite RFQ. We have investigated, using 7
MAFIA, the geometry shown in Fig. 3 which consists of 0.9
1/8 of an RFQ. The RFQ is terminated by a one-half cell;

4.5
SYMMETRY

PLANE 9- C., m 0.8
__- 2

0.7 1
0 10 15 35 40 50 cm 0 10 20 30 40 50

Figure 5: ,)tage along the vane (relative units) for various
rod extensions Z9 .
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Commissioning of the CEBAF Cryomodules*

M. Drury, T. Lee, J. Marshall, J. Preble, Q. Saulter, W. Schneider, M. Spata, M. Wiseman
Continuous Electron Beam Accelerator Facility

12000 Jefferson Ave., Newport News, VA 23606-1909

Abstract the cavity is also measured. Finally the mechanical tuners are
When complete, the Continuous Electron Beam cycled several times to insure proper operation.

Accelerator Facility will house a 4 GeV recirculating linear The cryomodule production group has put together a
accelerator containing 42 1/4 cryomodules arrayed in two portable test stand that is controlled by a Macintosh computer.
antiparallel linacs and an injector. Currently, over half of the This system is capable of fully interlocked local control of the
cryomodules have been installed. Each cryomodule contains rf system. With this system, the commissioning of a cryo-
eight superconducting niobium 5-cell rf cavities that operate at module can be completed in about three eight-hour shifts.
1.497 GHz [1]. A cryomodule must provide an energy gain of
20 MeV to the 200 gIA beam [2]. The resultant dynamic heat 11. DESCRIPTION OF THE TEST SYSTEM
load must be less than 45 W. The cavity parameters that are
measured during the commissioning process include the A block diagram of the test system is shown in Figure 1.
external Q's of the cavity ports, the unloaded Q (QJ) of the A voltage controlled oscillator (VCO) is used to control the
cavity as a function of accelerating gradient, and the max- klystron amplifier. The VCO can operate in either a contin-
imum operating gradient of the cavity. The sensitivity of the uous wave (CW) mode or a gated pulsed mode. The pulsed
resonant frequency to changes in pressure and gradient is also mode is used to measure the emitted power (P,) from the cav-
measured. Finally, the mechanical tuners are cycled and char- ity and to measure the loaded Q (QL). A PIN diode is used as
acterized. In all cases, the performance of CEBAF cryo- a gating device. The VCO uses a phase-lock loop to track the
modules has exceeded the design requirements. A portable cavity field probe signal. The VCO is connected to a fast
test stand allows local control of the rf system and provides shutdown (FSD) node so that rf will be turned off by any fault
automated data acquisition. This paper describes the cryo- signal in the interlock chain. These faults include waveguide
module commissioning hardware, software, and measure- window arc and temperature faults. The rf will also be turned
ments. off by waveguide and beanline vacuum faults, liquid level,

and helium pressure faults through the fast shutdown node.
I. INTRODUCTION Once the klystron drive signal has been tuned and the

amplitude has been set, the computer can control the
Each installed cryomodule must undergo a series of tests pulsed/CW mode of the VCO.

to determine whether it meets the requirements for proper The VCO routes the gated signal, Pe. to an analog power
operation of the accelerator. The results of these tests provide meter, and to the spectrum analyzer. The analog meter inte-
a set of numbers that describe the rf characteristics of the in- grates the measurement of the pulsed P, signal over time. The
dividual cavities in a cryomodule. These characteristics are spectrum analyzer is used in the time domain mode to measure
important for several reasons. They will become part of the the decay time of the emitted power signal.
calibration set that will be used by the rf phase and amplitude Three digital power meter channels are available to mea-
control system. These results also describe limits for safe op- sure the incident power (P, ) from the klystron, the transmitted
eration of the cavities. Furthermore, these results provide use- power (P,) from the cavity field probe, and the reflected power
ful feedback to the production group. Table 1 lists these par- level behind the circulator (P,.p). This last signal is part of the
ameters with the design requirements. interlock chain and is necessary to protect the klystron. A

18 GHz frequency counter is available for fast frequency mea-
Table 1. surement. All the instruments other than the analog power

Cavity arameters meter have GPIB capability.

QeX, (fundamental 6.6 x10 6 ±20% A heater controller is used to power one of the four
power coupler) heaters that are located in the helium vessels. Heater control

(field probe) 1.3 Xl 0 +62% is required in order to make a calorimetric Q, measurement.
-37% The heater power level can either be set manually or con-

Q> Ž2.4x10' trolled by the computer.
f (A self-excited loop is provided that allows the klystron

SmKdrive to track the resonant frequency of the cavity during tuner
E= > 5.0 MV/m cycling operations. The SEL is also connected to the FSD
Pressure Sensitivity < 60 Hz/torr node for interlocked rf operation.

Geiger-Mueller tubes are positioned near each waveguide
These parameters are all measured during the commis- assembly of each cryomodule and on the beam tube at each

sioning process. A Q, vs. E. curve is generated, and the ef- end of the cryomodule.
fect of the ponderomotive force on the resonant frequency of A Macintosh computer is used for control of the test sys-

tem, data acquisition, and measurement algorithms. The
"Labview" software is an object-oriented, icon-based pro-

*This work was supported by DOE contract DE-AC05-84ER40150 gramming language that allows the computer to control ana-
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Figure 1. Test stand block diagram

log and digital 1/0. This software also allows the computer level is raised until the accelerating gradient is at about
to function as a GPIB controller. The computer, in its current 4 MV/m. At this time, a measurement of Q,, is made. This is
configuration, can handle 14 analog output channels, accomplished by using the fact that for a strongly overcoupled
8 differential analog input channels, and 16 digital I1/ lines, cavity (0>>1):

II. MEASUREMENT SEQUENCE QL - Q.<, aQ, Q* (2)

Before any high-power operations begin, a series of mea- Q, can then be measured by the time decay method. While the
surements is made using a network analyzer. These mea- klystron is in the pulsed mode, the spectrum analyzer is used
surements include a bandwidth measurement of Q, for each to examine the emitted power waveform. A measurement is
cavity: made of the time required for a 20 dB decay in this signal.

Q, ( The following equation is used to calculate Q, and from that
( eAc

The frequency and amplitude of each of the fundamental Q 434 At
passband modes are measured for each cavity. Finally, a re- 20 dB
flection measurement is made to determine attenuation from
the field probe to the external port of the cryomodule for each The VCO is switched to the CW mode. The incident and
cavity. This last measurement is combined with other atten- transmitted power levels are then acquired, allowing calcula-
uation measurements for cables and couplers to create a ma- tion of the accelerating gradient.
trix of attenuation values. These are entered into the com- Accelerating gradient calculations begin with the follow-
puter, allowing automatic calculation of the absolute power ing: [3]
levels at the cavity plane. These measurements may be per-
formed while the cavity temperature is at 4.2 K. IUCPQ 4 =PQ. =PQ• (4)

A complete interlock checkout is performed prior to any

klystron operations. Simulated fault signals are applied to the
various detector circuits while the operator observes the FSD. The gradient is proportional to the square root of the stored

When the interlock checkout and low-power measure- energy in the cavity:
ments have been completed, and the cavity temperature has
been lowered to 2.15 K or less, high-power commissioning E9 -L~e = Qp =Zpn=A . (5)
can begin. The rf phase and amplitude control modules are =L L = L PRF
disconnected from the rf system and replaced by the VCO and
power meters.

The VCO drive signal is first tuned until the resonant fre- where - is the shunt impedance per meter, 1920 fa and PRF
quency of the cavity is located. Then, the klystron power L
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is the pulse rate frequency, 50 Hz. In terms of the integrated vacuum faults that inhibit sustained operation of the cavity. A
emitted power P,: Q, vs. E,, curve is shown in Figure 2.

Once the phase and amplitude have been adjusted, the en-

=8.5x l'4=(f .=1.497GHz, PRF=50Hz) (6) tire measurement sequence described above can be performed
by the computer with about four keystrokes at each gradient
level. About an hour is required to generate a Q0 vs. E,_

In terms of the transmitted power, curve.

E =i (7) Qo Data for NL19-7 (IA-17O)

From equation (5) it can be seen that: . ..

... P . .... . ......... .
Qo ° .... 10.... ...... i.. ... -........ ,....... . ........ .........

1010 L...Ad'... ..

8. xo 104 1F 1 1

Q-0 L :(P:P, F2Lk PRF. , 8" P, " .....•....... ..... ................ .................. . : ........

S.......€ ...... 4.... .... .... .... t ........ !....... •. ........ •....
K ..' ... .. ..

Q C4 5 6 7 a 9 10 11 1

1920 (9) E (MVIm)

Figure 2. Q0 vs. Eacc curve.
In terms of the incident power, the following relation is
needed Frequency sensitivity to pressure is measured by setting a

constant accelerating gradient. The resonant frequency is then
S=monitored while the helium pressure in the cryomodule is cy-

P, Qo = PQL (10) cled. The effects of the ponderomotive force on the resonant
frequency are measured by monitoring changes in the fre-

From equations (5) and (10), it can be seen that quency while varying the accelerating gradient. A constant
pressure should be maintained during this measurement.

'640 '6 Finally, the tuners are cycled. The SEL is substituted for
= PQ= -4PQ ; (P>> 1) (11) theVCOasklystrondrive. TheSELwilltracktheresonant

L (1+0+) L ' frequency through the full range of tuner movement.
Generally, the tuners are moved through a frequency range of

Once the gradient ":--v1 has been established, Q, can be ± 50 kHz around the design frequency, 1497 MHz.
measured. The cryonodult, must be isolated from the cryo-
genic system by closinr, .me supply and return valves. The IV. CONCLUSION
change in pressure due to the static heat load (AP,) over some
constant time (usually one minute) is measured. Then, a The commissioning test system allows fast and flexible
known power level (He) is applied to one of the internal testing of cryomodules. The use of a computer to control the
heaters. The pressure rise due to the heater power (AP,) is test procedures minimizes the time required to test and allows
measured. Finally, the rf is turned on at the desired field most of the data reduction to be performed automatically.
level.. While the klystron is in the CW mode, the pressure rise About half of the cryomodules have been installed and tested.
due to the rf (AP,,) is measured. The rf heat load can then be Commissioning has shown that all of these cryomodules ex-
calculated from the following equation: ceed the design performance requirements.

P, = H,A PO - 'p (12) V. REFERENCES

[1) P. Kneisel, et al., "Performance of Superconducting

From equations (4) and(S) it can be seen that: Cavities for CEBAF," Conference Record of the 1991
IEEE Particle Accelerator Conference, Vol. 4,

E2  pp. 2384--86.
Mo = • (13) [21 H. A. Grunder, et al., "The Continuous Electron Beam

1920P', Accelerator Facility," Proceedings of the 1987 IEEE
Particle Accelerator Conference, Vol. 1, pp. 13-18.

The level of the accelerating gradient is raised in 1 MV/m [31 I. E. Campisi, "The Calibration of the Cavities Field
steps and the measurements cycle is repeated. The measure- Probe," CEBAF TN-0 139, June 1989.
ment sequence is complete when Eta. is reached. Limiting
factors for E. include cavity quench, 1 W of field emission,
R/hr of radiation measured at the beamline or waveguide
assembly, excessive waveguide arc, window temperature, or
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Design and Fabrication of High Gradient Accelerating
Ftructure Prototype at 36.5 GHz*

V. A. Dvornikov and I. A. Kuzmin

Small Accelerator Laboratory Moscow Engineering Physics Institute
Kashirskoe Shosse, 31, Moscow, 115409 Russia

Abstract I1. MATCHING OF COUPLERS TO DLWG
Disc loaded waveguide (DLWG) at 36.5 GHz was chosen as STRUCTURE

prototype of accelerating structure for reaching gradient up to The problems of matching couplers to DLWG structure with
100 MV/m. The results of calculation and fabrication of DLWG large cell-to-cell coupling are described in [3]. The main diffi-
cells are given. The technique of matching DLWG to input and culty is to get first matched coupler. We choose the coupler of
output couplers is described. SLAC-type with off-axis iris of coupling and off-axis cutoff fre-

quency hole for vacuum pumping (Fig.3).
I. INTRODUCTION The matching was made in several stages.

This paper describes results of design and fabrication of 1. The coupler with variable dimension 2b was developed.

accelerating structure to reach the gradient up to 100 MV/m at
36,5 GHz. We used the results of the investigations, carried out 2.283+0-00
at CLIC [1], to choose DLWG as accelerating structure.

II. DESIGN AND FABRICATION DLWG CELLS R0.82* A

DLWG cell is shown in Fig.1. The calculations were carried r... 0.001 B
out by PRUD-0 [2]. The results of calculations are presented in 8
Table 1. IV,1 8 8

Table 1 0
Structure parameters at 36.5 GHz

Parameters Value R 0.026*

Phase velocity Pb, I -
Quality factor Q 4140 1
Shunt impedance r, Mflm 120
Group velocity b. 0.074 2.735-0-001
Section length 1, mm 164.1
Cells per section N 60 Figure 1. DLWG cell.

Iris aperture over wavelength a/X 0.2
Travelling wave mode 2n/3 GHz

38

The level of tolerances, required on main cell dimensions in
order not to exceed the frequency error ±5 MHz must be 37
±0.001 mm. Theoretical estimates show that for copper at
36.5 GHz a surface finish of R.!5 0.04 pim is required to a obtain 36
90% of the theoretical Q value. The copper cells were machined
to required tolerances and surface finish R. 0.160 ILm on preci-
sion diamond tool lathe with using special developed technol-
ogy. After fabrication the frequency of each cell was measured
by resonance method. The five cells of seventy five cells were 34
incorrect. After this, the frequencies of resonance stacks of three,
six, nine, twelve cells were measured. The dispersion curve is 33 ....... Z
shown in Fig. 2. X E 2n 5n xi

* Wotk was =ppd by MnR. Dubrx Russia Figure 2. Dispersion curve.
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3+0.01 14-0°' Sixty cells of DLWG were assembled in vacuum tube with
2b -- two working matched couplers and preliminary vacuum pump-

& •ing was made.

___ CONCLUSION

M DLWG for operation in the 2x/3 mode at 36.5 GHz was made.
VSWR of input coupler at operating frequency was 1.02. Calcula-

.03.4t0.001 ions show, that accelerating gradient will be 100 MeV/m at input7.2+0 3. 0 power about 41 MW.

Figure 3. Coupler for DLWG. REFERENCES

2. Two "variable" couplers were matched to twelve cells of [l] I. Wilson, W. Schnell, and H. Henke, "Design and Fabrica-
DLWG by increasing iris of coupling with rectangular tion Studies of High Gradient Accelerating Structures for
waveguide (7.2 x 3.4 mm) until VSWR of input coupler <1.02. CERN Linear Co coider (CLIC)," CERN8EP - RF/88-50

3. Two working couplers were matched successively as input

couplers, when the "variable" matched coupler was connected to [21 A.G. Daikovskii, 1.I. Portugalov, and A.D. Riabov, Part.
output. The procedure of determination VSWR of input coupler AcceL, 12(1982), p.59.
was to remove cells (each cell removed changes phase by 2-n/3 [3] I. Wilson, "Status of Structure Studies (CLIC)," The 2-nd
and 3 impedance points are sufficient to cover 2x) and to mea- International Workshop on Next-Generation Linear Col-
sure VSWR [3]. lider.
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The SSC RFQ-DTL Matching Section Buncher Cavities

T. Enegren, C.M. Combs, Y. Goren, M. D. Hayworth, A. D. Ringwall and D. A. Swenson
Superconducting Super Collider Laboratory'

2550 Beckleymeade Avenue
Dallas, TX 75237

Abstract

The RFQ-DTL matching section of the SSCL Linear Ac- R /
celerator matches the 2.5 MeV H- beam from the RFQ RL DAIVEceleato .~LOOP ASSEI•LY

into the acceptance of the 70 Mev Drift Tube Linac (DTL).
To provide longitudinal phase space tuning, two rf buncher
cavities with a resonant frequency of 427.617 MHz and
with a maximum EoTL of 160 kV are required. To meet
the limited space requirements, it was decided to use dou- BUNFHER

ble gap buncher cavities.

I. INTRODUCTION

The primary goal of the RFQ-DTL matching section
is to match 2.5 MeV beam from the RFQ into the ac- OUAORUVPLE

ceptance of the DTL. experiencing a minimal growth in MAGNET ASSL LY BUNCHER BOX

beam emittance. The main components consist of two RF
buncher cavities and four Variable Field Permanent Mag-
net Quadrupoles (VFPMQ). It is required that these de- Figure 1: RFQ-DTL matching section.
vices along with beam diagnostics fit into a length of only
534 mm. A drawing of the matching section is shown in
Figure 1.

Because of the limited space available it was decided The cavity is designed such that it can be housed in
to use two double gap cavities instead of the much larger an octagonal diagnostic chamber. Vacuum is supported

single gap pillbox type cavity. The cavities are required to by the chamber which eliminates resonant frequency shifts

have a resonant frequency of 427.617 MHz and provide a due to pressure deflection on the cavity. The cavities are

maximum EoTL of 160 kV. However the small size of the oriented at 45 degrees with respect to the vertical with the

double gap did present a challenge in coupling 30 kW of accelerating gaps near the bottom. The maximum power

pulse RF power as well providing water cooling, fine tuning dissipation in the cavity due to RF conductor losses is 30

and probes for sampling the RF fields. watt with most of that in the center conductor. Water
cooling is provided by water channels that are brazed into

II. MECHANICAL DESIGN the cap and extend the length of the center conductor.
This also provides temperature stabilization of the cavity.

A drawing of the cavity is shown in Figure 2. The cavit The cooling water will be derived from the TemperatureA~~~~~~~~~ ~~~ drwn ftecvt ssoni iue2 h aiy Control Unit (TCU) of the RFQ. It is expected that the
is formed from a section of rectangular slabline transmis- Controluni t wTCl o e FQ tiexte d tha t thetemperature fluctuation will be no greater than 0.4 degrees
sion line with a washer type structure which forms the Celsius. The corresponding frequency change will be 2.9
double accelerating gap. kHz which is well inside the bandwidth of the cavity ( 43

*Operated by the Universities Research Association, Inc. for kHz ) . Inductive coupling is used to excite the cavity.
the U. S. Department of Energy under Contract No. DE-AC35- Calculations and measurements on a cold model indicate
89ER40486. that a loop area of 0.5 cm 2 is required to achieve matched

The Submitted manuscript has been authored coupling. It is estimated that only 5 milliwatts of power is
by a contractor of the US Government under dissipated on Hip loop and water cooling is not required. In
contract No OE-AC35-8gER40486 Accordingly. the actual design, the loop area will be somewhat greater
the U S Government retains a nonexciusive, royalty-
free license to publish or reproduce the published than required and there will be the capability of rotation so
form of this contribution, or allow others to do so, that the desired coupling can be achieved. For phase and
for U S Government purposes amplitude regulation an rf sample is derived from a induc-
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tive loop thru a type N connector assembly located at the
top of the cavity. Because of the severe space limitations
at the top of the cavity, fine frequency tuning using a ro-
tatable loop was not possible. Instead this is accomplished
through installation of a capacitive slug at the bottom of
the cavity which couples into the electric field from the
accelerating gap. With a travel of 30 mm and with the
closest approach to the bottom of the washer being 23 mm
a tuning range of 200 kHz can be achieved.

III. MAFIA CALCULATIONS

The 3D code MAFIA was used to set the resonant fre-
quency and calculate the shunt impedance and quality fac-
tor of the fundamental mode. These turned out to be 800
kfz and 5000 respectively. This quality factor is approxi-

mately four times smaller than that calculated for the pill-
COAX R box type cavity. Hence the double gap buncher will be lessFEEDTHRU sensitive to mechanical disturbances. The transit time fac-

tor was calculated to be 0.7 . Also calculated were electric
field sensitivities as a function of small displacements of
the center conductor. These results were used to specify

WATER mechanical tolerances.
MANIFOLD

IV. CERAMIC FEEDTHRU ASSEMBLY
COOLING A drawing of this assembly is shown in Figure 3 . It
WATER •is basically a coaxial transmission line that undergoes a

"transition from o.d. inch (air) to o.d. 8 inch (vacuum).
Providing the barrier between air and vacuum is a ceramic
cylinder. The two main considerations in the design of
this unit is to minimize the VSWR and minimize the elec-
tric fields near the surface of the ceramic. To investigate

S'-,OUTER this problem use was made of the 3D code HFSS to cal-

0 CONDUCTOR culate the reflection coefficient and electric field values. It
was found that to keep the values of electric fields withinCENTER "

CONDUCTOR acceptable values (1.5 kV/cm) it was necessary to use a
relatively large ceramic. This accounts for the bulge in the
structure. Also of consideration in the design of this as-

. .TUNER sembly is the distance between the ceramic and the actual
CONTACT coupling loop. During the filling time of the cavity the

RF MOUNT loop, because its small self reactance ( compared to 5002
SCREENING ), behaves essentially as a short circuit [t]. This sets up

a standing wave on the transmission line with the voltage
maximum being located a distance A/4 away from the cou-
pling loop ( with an effective length assigned to the loop ).

Figure 2: Double gap buncher cavity. To minimize the electric stress on the ceramic it is desir-
able to locate the ceramic as close to the loop as possible
or A/2 away. Because of space constraints in the actual
design this distance could be made no smaller than 0.17
wavelengths. However calculations show that the electric
field values are within acceptable values. Using the other
option of locating the ceramic at a distance A/2 would in-
vite multipactoring problems.

V. SUMMARY

Two double gap buncher cavities are being constructed
for the SSCL RFQ-DTL matching section. It is expected
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that RF conditioning will take place within the next several
months.

VI. REFERENCES

[1] Vojtech Pacak, SSCL, private communication

RF SEAL
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DRIVE
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CERAMIC
WINDOW /1

COPPER
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CUP ~22 CONDUCTER

COAX'1 / ]

INTERFACE X,

Figure 3: Ceramic feedthru assembly.
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Bulk Niobium Low-, Medium- and High-/ Superconducting
Quarter Wave Resonators for the ALPI Postaccelerator

A. Facco1 , J.S. Sokolowski1'2 , I. Ben-Zvi3 , E. Chiaveri4 and B.V. Elkonin 2

1 INFN-Laboratori Nazionali di Legnaro, 35020 Legnaro (Padova) Italy.
2 The Weizmann Institute of Science, Department of Physics, Rehovot 76100, Israel.

3 Brookhaven National Laboratory,Upton, N.Y. 11973, U.S.A.
' CERN, Geneva 23, Meyrin, Switzerland.

Abstract the mechanical design of all the resonators stayed almost
identical except for their lengths (fig. 1).

A family of three solid niobium quarter wave supercon-

ducting resonators, cooled by direct contact with liquid he-
lium, having resonant frequencies of 80 MHz, 160 MHs and 2 DESIGN CONSIDERATIONS
240 MHz and optimum velocities 0. = 0.056, #3o = 0.11
and /o = 0.17 respectively, has been designed, constructed A number of basic considerations had to be taken into ac-and tested. In addition to the standard chemical surface count when designing the new type of resonators. Theyandtrestmed.n addition toeatmentg the s d had to meet the requirement of short time and relatively
treatment also thermal treatment at 1200°C using the ti-

"tanium sublimation technique was applied. The low-beta low power required for multipactoring conditioning. This

80 MHz resonator Q. = 2.3 x 108, and the quality factor condition has been thoroughly investigated [5] and the
was almost constant from low level up to the maximum shape design of the inner conductor of the resonator (see

field achieved of 4.2 MV/m at 5 W. The intermediate beta fig. 1) was based upon it.
160 MHz cavity had Q. = 2.2 x 108, almost constant up to The resonator is all-niobium in order to allow for high
the field of 5 MV/m at 10 W. The high beta 240 MHz res- temperature treatment; the outer conductor is cooled di-
onator, after deionized water high pressure rinsing, reached rectly by liquid helium contained in the double wall struc-

Qo = 3.5 x 108 and a maximum field of 4.7 MV/m at 6 W. ture.

"The 80 MHz cavity serves as a prototype for the recently The medium and high beta resonators fit the dimensions
started production of the low-beta section of the ALPI of the ALPI cryostat; the low beta cavities require minor
linac, modifications in the cryostat design due to their length.

The 80 MHz resonator is relatively light and easy to handle
1 INTRODUCTION in spite of the fact that it is about 1 m long.

The mechanical design of the cavities fits the require-

The first all-niobium quarter wave resonator was designed ments of relatively easy machining and minimum number
at the Weismann Institute of Science in 1987. The in- of welds. The mechanical parts are identical for all three
tention was to build a resonator with much better perfor- cavities, except for the lengths of the outer envelope and
mance than the lead plated copper resonators in use at the inner and outer conductors. The advantages of mod-
"that time at the Weizmann Institute. The prototype of ularity were obtained without loosing in terms of rf char-
this resonator was constructed in cooperation with INFN acteristics (see table 1).

Laboratori Nasionali di Legnaro and with CERN [1]. The
construction flaws prompted us to build another prototype Resonator type low-0 medium-/3 high-03
and the tests of this new 160 MHz resonator have proven Frequency [MHz] 80 160 240
that our goal was achieved [2]. The successful performance X3o" 0.056 0.112 0.169
of the 160 MHz resonator has triggered the idea, that also Transit time factor 0.9 0.9 0.9
the other resonators, needed to complete the Alpi linac [3], U/E.[mJ/(MV/m) 2] 114 67.3 45
could be constructed of bulk niobium and have a similr H,/E4 [G/(MV/m)] 100 103 110
conceptual design [4]. E,/E. 4.9 5.2 5.4

The beam dynamics calculations for ALPI have shown R',A[MI/ml 20.4 25.1 26.6
that, in order to accelerate ions of all masses coming from r[fn] 15.4 29.5 41.9
the LNL 16 MV tandem, three different sections (with op- Table 1: Niobium resonators calculated parameters.
"timum velocities fl. = 0.056, 0.112 and 0.169 respectively)
of two gap resonators would be required; due to the need
of a wide phase acceptance for heavy ions the frequency of
80 MHz was chosen for the low beta section. 3 PROTOTYPE SURFACE

We matched the velocity of ions along the low, interme- TREATMENT AND TESTS
diate and high beta sections by using three frequencies, 80,
160 and 240 MHz respectively; that way we could main- All three resonators have undergone at least one standard
"tain the same resonator shape along the beam line and CERN chemical treatment and one thermal treatment at

0-7803-1203-1/93$03.00 0 1993 IEEE
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I I

Figure 1: The 80, 160 and 240 MHz niobium resonators.

1200*C and I x 10-7mba• using the titanium sublimation 3.2 The 80 MHz resonator
technique.

The thermal treatment was followed by chemical treat-
ment. The results of the rf measurements are shown in

3.1 The 160 MHz resonator fig. 3; the maximum field of 4.2 MV/in was reached at
5 W forward power, limited most probably by local ther-

The chemical treatment was followed by the thermal treat- mal breakdown. Power and helium conditioning did not
ment. No rf test was done after chemical treatment, the change this limit. The mechanical stability of the res-
measurements after thermal treatment gave the results onator at 4.2 K was tested by scanning frequencies from 5
shown in fig. 2. The maximum field was limited by field to 1000 Hz applied to the cryostat using a mechanical vi-emission at 60 W 121. We have used this resonator on the brator. The only resonance frequency detected was 44 Hz
linac test beam line as a buncher. with a bandwidth of 2 Hz.

1 9 -10 9 t _ _ _ ___o

0
+~

108 a

08 + 1 0 ______ ___ ______

r r r I - I I r TI

0 1 2 3 4 5 a 7 0 1 2 3 4 5
E (MV/m) E (MV/m)

Figure 2: The 160 MHz resonator Q vs. E. curve Figure 3: The 80 MHz resonator Q vs. E. curve
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3.3 The 240 MHz resonator the best sequence of surface treatment operations, the ef-
fect of working in clean room conditions, that could not be

In this resonator we did the thermal treatment first and tested yet on our cavities, and whether a fast tuner wouldthen the chemical treatment. We tested the resonator and b eesr ocp ihtemcaia siltos
we funda mximm fild f 32 M/m a 4 , aain be necessary to cope with the mechanical oscillations.

we found a maximum field of 3.2 MV/rn at 4 W, again

limited by local thermal breakdown as in the 80 MHz cav-
ity. High pressure rinsing with deionized water at 100 5 ACKNOWLEDGMENTS
bars [6] [7], followed by ethanol rinsing, without nitrogen Over the years basically three laboratories and institutes
gas drying of the resonator, was applied. The new rf test and their staff were involved in the project; The Weizmann
showed that the upper limit of field level was shifted up to Institute of Science, INFN Laboratori Nauionali di Legnaro
4.7 MV/m at 6 W (see fig. 4). This could indicate that and CERN. We also collaborated in the first stage of the
the quench was caused by some surface impurity, which project with prof. Cramer of the University of Washing-
has been removed by the high pressure rinse, ton in Seattle. We would like to thank the staff of the

Weizmann Institute and in particular Y. Wolovelsky and

1 0__his team at the Design Department, the W.I. mechanical
workshops under the leadership of A. Bar-On as well as

"" ithe Cryogenics Laboratory technicians, they all gave us
0 ~constant support in design, measurements and in solving

÷" *4 * +many mechanical problems.
Many people at Laboratori Nasionali di Legnaro have

I op contributed to the success of this project; G. Fortuna whoS. ....... ..... •-"... ......... . .............. T ........ T.................. ......

always supported and encouraged us in this project, A.
Porcellato in rf measurements, V. Palmieri in many fruitful
discussions, L. Badan in cryogenics and vacuum systems as
well as in thermal treatment, L. Bertasso in construction
of the test cryostat, the mechanical workshop led by L.

Dona' machined one of the resonators and its staff was
always available for help when needed - they all deserve

0 1 2 3 4 5 6
E (MV/m) our infinite gratitude.

We are grateful to CERN, where everybody, from H.
Lengeler and Ph. Bernard through many people belong-

Figure 4: The 240 MHz resonator Q vs. E. curves: "o" ing to their or related divisions did their best to help the
before high pressure rinse; "+" after high pressure rinse, project. At CERN our first resonator was welded by the

EBW group led by B. Thony and again the machine shop
gave us a very significant support. Last but not least, let
us thank Mr. Insomby for his excellent and difficult work

4 CONCLUSIONS of chemical treatment of the resonators.

A set of three resonators, corresponding to the ALPI linac 6 REFERENCES
requirements for the low, intermediate and high Pi sections,
was designed, constructed and tested. The resonators are [1] I. Ben-Zvi, B.V. Elkonia, A. Facco and J.S. Sokolowski,
all-niobium made, allowing for high temperature treat- "Development of a high performance niobium superconduc-
ment. They have identical shape except for their lengths; tive quarter wave resonator", Internal report INFN, LNL-
the differences in their optimum velocities are due only to INFN(REP)-018/89.
their different resonant frequencies. The design similari- [2] I. Ben-Zvi, E. Chiaveri, B.V. Elkonin, A. Facco and J.S.
ties simplify considerably the construction procedure and Sokolowski, Proceedings of the 2"' European Particle Ac-
reduce production costs. celerator Conference, Nice 1990, Vol.2 p. 1103.

A series of experiments aiming at optimizing the surface [3] G. Fortuna et al., Nucl. Instr. and Meth. A287 (1990) 253.
treatment is still continuing; we have had clear evidence [4] A. Facco and J.S. Sokolowski, Nucl. Instr. and Meth. A328
that high pressure deionised water rinsing could increase (1993) 275.
the maximum field attainable after chemical treatment.

The 80 MHz resonator became the prototype for the 76 I. Ben-Zvi and J. Sokolowki, Rev. Sci. Instrnm. 57 (1986)776.
low # section of the ALPI linac, consisting of 7 cryostats
which would be housing 24 accelerating cavities and one
buncher; the production of the first 6 resonators of this [7] Ph. Bernard, D. Bloecs, T. Flynn, C Hauviller, W. Wein-
section has begun recently. garten, P. Bosland and J. Martignac Proceedings of the

There are still some open questions to be solved in order 3$d European Particle Accelerator Conference, Berlin 1992,

to have a complete picture of the resonator characteristics Vol.2 p. 1269.

and of the operations necessary for optimum performance:
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A Numerical Method for Determining
the Coupling Strengths and Resonant Frequencies of a

Nonperiodic Coupled Cavity Chain

M. Foley and T. Jurgens
Fermi National Accelerator Laboratory
P.O. Boz 500, Batavia, IL 60510 USA

Abstract R, k

Traditionally the coupling strengths and individual R. R. LC
cavity resonant frequencies for a chain of coupled os-
cillators with periodic or biperiodic geometry have LC
been calculated from the dispersion relation. A dis- C -
persion relation does not exist for a chain of cou-
pled oscillators with nonperiodic geometry. A numer- C. C. C.

ical procedure for estimating the unknown coupling Figure 2: Coupled oscillator model for a biperiodic
strengths and resonant frequencies for individual ele- chain of cavities with nearest neighbor and second
ments of coupled oscillator chains has been developed nearest neighbor coupling
and tested. This procedure has the novel capability
that it is applicable to both periodic and nonperiodic
structures. The coupled equations generated from the model

above [1] are of the form (assuming half cell termina-

1 Introduction 
tion):

A chain of coupled linear accelerator cavities with 12,2 = X 2. 1 + --- - +
biperiodic geometry is shown in Figure 1. kI,_

RESONATOR R 2,1_ R 2,-,,- R 2. R 2 ,.+1 R 2 .+ 2  2 (X 2 ,..-i + X 2 ,+I) +

NUMBER wa wca W a (X2 .- 2 + X2.+2) (1)

k ~ k ~ 12.+ X+1 I+ we21 +

COUPLINGS -Vk 2. L~ jWQ. w/
.. a(X 2. + X2.+2) +

Figure 1: Model for a biperiodic chain of cavities with (X2 ._, + X 2.+ 3 ) (2)
nearest neighbor and second nearest neighbor cou-

pling The quantities 12,, 12.+, are forcing terms, X 2,,

X2,+, are amplitudes, w. is the resonant frequency
Investigation of the electrical properties of such a for individual accelerating cavities in the absence of

chain is accomplished by formulating a mathemati- coupling to their neighbors, we is the resonant fre-
cal model consisting of a biperiodic chain of coupled quency for individual coupling cavities in the absence
oscillators (RLC circuits) with nearest neighbor and of coupling to their neighbors, Q. is the quality factor
second nearest neighbor coupling[I], as shown in Fig- for accelerating cavities, and Q. is the quality factor
ure 2. for coupling cavities.
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There are 2n+l solutions to the homogenous equa- 1 k- h 0 0 0 0k../3 1 k-1 ./• i,2 0 0 0 X.
tions (12, = 12.+, = 0) for the lossless case (high Q) k../2 k_/2 1 k../2 k./2 0 0 X,

o th fom0 k_/2 h../2 1 k../2 k../2 0 X3of the form x3

0 /•2 //2 ! /t•2 k•2 0 X3N-'

X3n = A cos2n4•, (3) 0 o.2 k../2 1 k_/2 A6•/2 0 x...
0 0 k ./2 k j•2 I k ../2 h/2 X2,.,

X2,,+l = Bcos(2n+ 1%), (4) o0 0 k./2 o .. 2 1 k,,.J

where Oq = m, q = 0, 1,...,2N, provided that •(.,)' x.

k!,cos 2  = + h+ , cos 20q • (!!) ,c

1 -- + h,, cos 20,t (5) (,t.)'XN- ....

Oq is the phase shift per cavity in mode q, and (?)'x....
wpq = 0,...,2N are the frequencies of the normal (.) XN

modes of oscillation of the cavity chain. Equation Equation (6) is equivalent to equations (1,2) with
(5) is the dispersion relation for a biperiodic chain 12,. = I., = 0 and Q large.
of coupled oscillators with nearest and next nearest
neighbor coupling. Introducing the scale factor ,,, i, = a, c, equa-

It is important to note that the dispersion relation tion (6) can be written in vector-matrix form as
is not valid for a chain of nonperiodic coupled oscil- MX = AX (7)
lators.

where A = (S)2. The eigenvalue problem (7) has
2 Application of the Disper- 2N + 1 solutions corresponding to the set of discrete

eigenvaluesn A., q = 0, ..., 2N. The corresponding nor-
sion Relation to a Side- mal mode frequencies are given by

Coupled Cavity Chain , 0 = a.

At FNAL the new LINAC side-coupled cavity sec-
tions have biperiodic geometry of the form shown where q- 0, ... ,2N.

in Figure 1. Based on the coupled oscillator model
described in Section 1, the phase shift per cavity, Consider againtheproblem ofdeterminingthe ou-
0*, is known for each normal mode frequency. Mea- piing strengths and individual cavity resonant fre-
surements are made using an HP network analyser quencies for a LINAC section. An alternative ap-
(NWA) of the corresponding normal mode frequen- prosch to the application of the dispersion relation is
cies. These values are used to generate a set of points
(%,, wq) in the (0, w)-plane. The coupling strengths As before, a HP NWA is used to measure the nor-
kae, kh. and kc, and individual cavity resonant fre- mal mode frequencies, (w,),,.use*d, 9 = 0,m..., 2N, for
quencies we, w, are determined from the dispersion the LINAC section under test. An initial estimate
curve by least squares fitting equation (5) to the mena- of the coupling strengths and resonant frequencies is
sured points (L,, Wq) using an internal version of the made in order to initiate an iterative optimization
LASL code DISPER[3]. algorithm. At each step in the execution of the algo-

rithm the eigenvalue problem (7) is solved and cor-
3 Matrix responding normal mode frequencies w., q = 0, ...2N

are calculated. A new step is made by choosing the
Representation of the Cou- coupling strengths and resonant frequencies to mini-
pled Oscillator Equations mize the sum of the squares of the differences between

the w•'s and the corresponding measured normal
The homogenous form of equations (1,2) for the case mode frequencies (Wq)m,,,,,d•, q = 0, ..., 2N. The
with no losses is given in vector-matrix format by optimization algorithm is implemented as a FOR-

TRAN program with calls to two subroutines: (i)
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DISPER Optimization k.,bce/2 -1.1082194 10--
k.,/2 2.6575355 10-3 2.6577377 10-7 hbac,, 2 3.5754545 10-3
k../2 -3.8878468 10-T -3.8732951 10-3 Wb, 798.79952 MHzI
k,,/2 3.9281018 10-4 3.9949479 10F4 Wbcc 809.58395 MHz
w,.,d 806.32192 MHz 806.28166 MHz
Wd 804.64813 MHz 804.65951 MHz Table 2: Coupling strengths and resonant frequencies

WC 807.88179 MHz 807.88676 MHz for a LINAC side-coupled cavity module

Table 1: Comparison of results from DISPER and
Optimization Method for a LINAC side-coupled cav- biperiodic structure, and therefore the dispersion re-
ity section lation (5) is not valid. However, the optimization

method described in Section 3 is applicable.
A vector-matrix representation of the coupled os-

EIGEN2, an eigenvalue solver [2], and (ii) DUNLSF, a cillator equations modeling the prototype LINAC
least-squares minimization subroutine from the IMSL module can be developed analogous to the proce-
Mathematics Library. The minimization is carried dure followed in Section 3. The parameters kI4C k' 8,
out until the magnitude of the difference between two and hi. and w4, wi are known for each of the
successive steps is less than a user specified tolerance. two individual LINAC sections, i=1,2. The values

of A:W,bcc, bcc,bsc,wbc and wb,, are unknown, while

The accuracy of the coupling strengths and nor- bb,, is assumed to equal zero.
mal mode frequencies determined by this approach,
as compared to those determined by the traditional The numerical optimization procedure described in
method using DISPER, is directly related to the level Section 3 was applied to determine ,bcc, keec, wbc
of precision obtained measuring the normal mode fre- and wbc, for such a nonperiodic structure. Conver-
quencies, (Wq),,,.,.,,. gence required ten iterations. The results are shown

in Table 2.
Consider a typical LINAC side-coupled cavity sec-

tion as shown in Figure 1. The coupling strengths and
individual cavity resonant frequencies for the section 5 Conclusions
were determined from DISPER.

A numerical procedure for estimating unknown cou-
In order to set up a baseline test to deter- pling strengths and resonant frequencies for individ-

mine the accuracy of the proposed procedure, as- ual elements of coupled oscillator chains has been pre-
sume the coupling strengths and individual cav- sented. The procedure has the novel capability that it
ity resonant frequencies are unknown. The nor- is applicable to both periodic and nonperiodic struc-
mal mode frequencies for the section are available tures.
from NWA measurements. For the initial estimate
h,/2 = 0.05, ko./2 = -0.005, ko/2 = 0.0001, wo=
80SMHz,w? = 805MHz, and wo,,d = 805MHz, References
application of the optimization procedure outlined
above yields the results shown in Table 1. Conver- [1] E.A. Knapp, B.C. Knapp, and J.M. Potter,
gence required thirteen iterations. Further tests indi- "Standing Wave High Energy Linear Accelera-
cated that varying the initial estimate did not signif- tor Structures," The Review of Scientific Inrtru-
icantly effect either the results or the rate of conver- merts, Vol. 39, No. 7, pp. 979-991, July 1968.
gence. [2] W.H. Press, B.P. Flannery, S.A. Teukolsky, and

W.T. Vetterling, Numerical Recipes, Cambridge

4 Extension of the Optimiza- University Press, pp. 335-380, 1986.

tion Method to Nonperiodic [3] J. Crisp, "Fitting Frequency Measurements to

Structures the Dispersion Relation for a Doubly Periodic
Chain of Resonators," FNAL Linac Upgrade

A prototype LINAC side-coupled cavity module, con- Note LU-200, March 1993.

sisting of two sections joined by bridge side cavities
(bsc) and a bridge coupling cavity (bcc), is not a
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Abstract computational domain fQ is governed by the well-known
The thermal behaviour of a "fish hook" type HOM non-linear 3D Heat Diffusion equation with no heat source:

coupler [1-21 for Superconducting RF Cavities is analyzed div(kAT) VT) = C '
by numerical simulation using a 3D fmite element based "'at
code for both CW (rings, recirculating linacs) and pulsed where the subscript " i "refers to thermal properties within
(s.c. colliders studies like TESLA) accelerator types. the region fli.
Consequently, a thorough study of the thermal stability of For the cases of our concern, the typical boundary conditions
this system is necessary in both transient and steady-state are : prescribed heat flux q, heat transfer to the LHe at Tbath
regimes. Numerical simulations, assuming anomalous controlled by the Kapitza conductance HK (Tbath <
losses at the end of the HOM inner conductor, were = 2.176 K). For this parameter, we have used the
performed. The effects of the HOM coupler geometry and the
materials thermal conductivity on the critical heat flux following expression (51:
inducing the quench of the system are discussed. HK = 0.017 Tt I + 1-AT +

I. INTRODUCTION 2 4T1UT ,Tb.h )41Tbbil
The superconducting Higher Order Modes (HOM) where HK unit is W/cm2 /K, AT = T - Tbath and T is the

couplers used for Superconducting Radiofrequency Cavities LHe-cooled surface temperature.
(SRF) cooled by Liquid Helium (LHe) are generally limited Concerning the transient computations, the whole
by thermal breakdown induced by various phenomena for system studied was assumed to be initially at the LHe
accelerating fields Eacc in the range 2-5 MeV/m when no temperature.
efficient cooling of the inner conductor is provided. These B. Variational problem and approximation
Eacc values are much smaller than the values to be reached Using the so-called Galerkin Method, the
for future projects (e.g. TESLA [3] : Eacc = 25 MeV/m). semidiscrete problems corresponding to the above boundary
We consider that HOM and beam tubes are located inside the value problem are derived. Briefly, this method constists on
insulation vacuum of the LHe vessel ; this indirect LHe subdividing Q into a set of subvolumes or finite elements,
cooling should obviously reduce the thermal quench limit of and expanding the solution in terms of FEM using N-
the HOM couplers. It is then necessary to choose properly components global basis functions. Then, a variational
the HOM coupler geometry and its construction material in method is applied to these functions leading to N
order to increase its capability to whistand anomalous RF differential (algebraic) equations for time-dependant (steady-
losses. , state) problems respectively. These equations constitute theAt low temperature, the RF surface resistance, the semidiscrete variational problem, where the unknown are

thermal conductivity (k), the specific heat per unit volum precisely the nodal values Tj(t) of the temperature field

(Cv), the heat transfer coefficient at LHe-metal interfaces are wisely the n-moph.

strongly dependent on temperature (T). The resulting heat within the Q-mesh.

equation with the pertinent boundary and initial conditions is C. Resolution Method
then nonlinear. Moreover, the system studied is not In the steady-state case, the above non-linear
axisymetrical, hence a 3D computer code is necessary. We system is solved by an iterative method using linearisation
used the CASTEM 2000 code [4] for this purpose: this technique and a relaxation factor for improving the
Finite Element Method (FEMW based code can handle such convergence of the process. The steady-state solution is
problems in both transient and steady-state conditions for reached when the relative variations of temperature at all the
arbitrarly shaped computational domains with multiple nodes of the Ql-mesh is less than 10-3.
regions (i.e. materials). For the transient case, the above equations,

II. METHOD AND ANALYSIS discretized in time are solved by a n-step method : the
A. The boundary value problem temperature field at a given time is calculated from

temperature fields at the n preceeding times (we chose n=2).The temperature field T(x,y,z,t), where x,y,z andt
are spatial-coordinates and time respectively, within the
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Eacc = 25 MeV/m and a residual surface resistance

III. APPLICATION TO THE HOM COUPLER Rres = 20 ni [6]. These very low RF dissipations can not
explain an increase of the hot spot temperature beyond the

A. The model and thermal stability criteria Nb critical temperature Tc = 9.2 K. Consequently,
The real system studied (Fig. 1) consists in the anomalous RF dissipation sources (cavity electron loading.

beam tube of the cavity, the HOM coupler (diam. : 40 mm surface defect, multipactor, ...) have to be considered as
and Inner Conductor (IC) diam. : 8 mm), the Nb flange of possible causes of the HOM coupler thermal breakdown. We
cryostat tank and the LHe cooled part of the cavity. For have then assumed a highly dissipative area, located at the
numerical simulation, this system was modelled using a end of the IC. the farest point from the cold source. With
slighty modified geometry (Fig. 2) which includes all the this pessimistic assumption we will obtain the minimum
parts described previously up to the first iris of the cavity, heat flux limit Qc before the quench.
Notice however that the thermal contact resistances at the The thermal stability will be insured if two
sealings (i.e. flanges of the HOM) were neglected, the fish- conditions are fulfilled : the temperature Tmax at the hot
hook has been replaced by a straight Inner Conductor (IC) spot must be lower than Tc = 9.2 K and the maximum heat
which has no influence on the numerical results because the flux density transfered to the LHe bath must be below the
thermal radiations are negligible (T < 10 K), and we have critical heat flux inducing the Film-Boiling limit.
also neglected the heat flux coming from the RF coaxial B. Steady state regime
cable (using a simple Nb cover in place of the upper part of
the HOM). The steady-state temperature distribution was

computed up to the critical heat flux (Qe) for the following
arrangements and the results are summarized in Table 1.:

C" # 1. the whole HOM coupler-cavity assembly is
machined from bulk Niobium with RRR = 40, 194 or 570,

In1W"a""ow # 2. all these parts are in bulk Niobium (RRR =
40,194 or 570) excepted the IC and the Stub which are made
of sputtered Niobium onto a Copper substrate of RRR=300,

# 3. the same material as in item#1 but with
addition of a copper (Cu : RRR=300) thermal shunt between
the Coupler and the LHe cryostat flange (see Fig. 2),

# 4 the same arrangement as in item #2 with
addition of the thermal shunt described in item #3.

Nb quality Arrangement Critical heat flux Qc(mW)

RRR 40 # 1 72
Fig. 1 Cavity-HOM design. RRR 194 # 1 314RRR 570 # 1 925

RRR4 # 2 600
RRR 194 # 2 1860
RRR 570 # 2 3418
RRR 40 # 3 79

opeuaI ,w s RRR 194 # 3 347
H, tde, uw am LHe RRR 570 # 3 1017
tmucm HK) RRR 40 # 4 2700*

Adat,. ~ls RRR 194 # 4 3328*
RRR 570 # 4 5430

Table 1 : Critical heat flux inducing the HOM coupler
thermal breakdown in the steady-state regime.
* Quench limited by the transition to film boiling on the

"so nLHe-cooled Nb flange (heat flux density: 2.4W/cm 2 ).

Analysing the temperature profiles along the IC
Fig. 2: Meshed cavity-HOM assembly and for the arrangements #1 and #3 with Q = Qc,we note that

applied boundary conditions. the non-linear effects increase with the Nb RRR, the
temperature difference along the IC is around 3.3 K

In the defect free case, the total RF losses dissipated whatever the RRR may be, there is no sensible effect of the
on the IC of the HOM remain lower than 0.4 mW (with a thermal shunt on Qc which increases (from nearly 70 mW
peak heat flux density of 40ptW/cm 2 ) for Tbath = 2.0 K, to I W) with the Nb RRR (see Table 1). The values of the
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thermal impedance of the IC (Rth = ATICdQ¢) are 46 K/W, From the evolution of the temperature alono the
10.5 K/W and 3.6 K/W for RRR = 40, 194 and 570 IC at different times (Fig. 5), the value of 300 cml/s is
respectively. So. even in the best arrangement (#3 and Nb obtained for the diffusion coefficient. Consequently, the
RRR = 570), the system is limited by the Niobium thermal perturbation during the RF pulse is localized close to the
conductivity, defect point (diffusion length of 1.5 cm in 2 ms) and the

In order to overcome this limitation, the corresponding heat flux can not be evacuated in one
arrangement #2 was examined, leading to a reduction by a complete cycle (110 cm in 100 ms, that is to say, the
factor 6 of the IC thermal impedance. The adding of a length of the IC).
thermal shunt (arrangement #4) improves greatly
Qc (Fig. 3) due to the sufficiently small thermal impedance ---
(0.6 K/W) of the IC, and in this computation, 70% of Qc is I.
derived through the thermal shunt.

4.5 /

4 S24.5

.3.510n 45

2.5
["3 .1• .6 ~s~

1HoI Spm

2.5 , Fig. 5: Temperature profile along the IC at
different times.

30" 1 ')" 2 ý3 Full lines : First pulse0 I 2Dashed lines : 10th plase

Fig. 3: Temperature profile along the LHe cooled Nb

flange (sketched in the insert).Full line : with thermal shunt (Qc = 5.4 W) IV. CONCLUSION
Dashed line: withot thermal shunt Q = 3.4 W) A HOM coupler heat load capability of over 5 WDashed line : without thermal shunt (Q = 3.4 W) has been reached in case of a continuous anomalous RF

C. Transient regime dissipation, by using an IC and a stub made with sputtered

This study was limited to the arrangement #1 with Nb onto a Cu substrate, and adding a thermal shunt
RRR = 194. The applied heat flux was pulsed close to the connected to the LHe flange. In the transient regime, the
TESLA cycle (pulse leroth ,p = 2 ms ; frep = 10 Hz). The maximum heat load sustained by the bulk Nb coupler is

maximum hot spot temperature during the RF pulse 6 W. In all the cases and for the corresponding critical heat

increases up to 8.6K at the end of the first RF pulse for fluxes, the maximum temperature at the iris of the cavity

Qc=6W, does not recover its initial temperature (i.e. does not exceed 0.1 K with respect to Tbath, so that the

Tbathl-. 8 K) at the end of the first pulse (4.4K), but reaches thermal stability of the cavity is also insured.

its stationnary value (9.2K) in nearly 10 pulses (Fig. 4). We plane some thermal measurements on a special

The higher temperature after an infinity of pulses as function cavity/HOM assembly, to confirm these calculations and to

of the heat flux can be evaluated with : take into account, if necessary, the effect of the contact

Tmax 3.63 Q0 .3 5 + 0.31 QO.4 9 . resistances at the seatings.
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VERY WIDE RANGE AND SHORT
ACCELERATING CAVITY

FOR MIMAS

C. Fougeron. P. Ausset. D. de Menezes. J. Peyromaure. G. Charruau.
LNS - CE-SACLAY 91191 GIF-SUR-YVETTE. F.

Abstract
The frequency ranges of electrical accelerating field For that, the accelerating RF system uses two ferrite
for heavy ions synchrotrons have to be often very loaded cavities, at 2 x 2kV peak with a frequency
wide. And their dynamics are limited by the range from 150 kHz to 2,5 MHz. The requirements
physical characteristics of the magnetic load in the are illustrated on fig. 1.
resonant structures.

Some projects on Saturne and Mimas, mainly to cool
the beam inside the booster, needed to make free a

We built an accelerating system, with only one gap, part as long as possible of the vacuum pipe.
using amorphous material, able to replace the two
actual MIMAS Cavities (the Saturne II booster), in On the other hand we started a test program on
order to make free a part of the ring. The frequency amorphous magnetic materials and arrived at several
range can be swept at 4 kV. The RF voltage can be optimistic conclusions concerning use in
increased up to 10 kV, and the frequency to 12 MHz. accelerating RF structures.
The geometrical sizes was chosen to minimize the
operation troubles during the cavities permutation
on the machine.

II. MAIN RESULTS OF VAC 6025 TEST
I. INTRODUCTION

The main differences between ferrites and
Mimas is the storage booster for the synchrotron amorphous, for the RF structure use, have been seen
Saturne II, on the National Laboratory SATURNE in the permeability, the losses and IXQF product, the
from Saclay (F). It was dedicaced to operate protons, behaviour with frequency, RF induction, bias field
deuterons and heavy ions (up to krypton to day) at and temperature.
12 MeV/amu.

This test was made around the Mimas frequencies, on
an VACUUMSCHMELZE material 6025 F.

z

P1) - PemegaJ•lity: at 150 KHz, g is 10 time higher
. than the ferrite SY 7 one. It decreases with the

frequency, to the value of the ferrite at 10 MHz,
a insuring a quasi-self tuning.
W

20) - The losses : They cannot be given by the

P - ',o 4- TE " traditional AF/F Q factor, because the large
"a• . 0. permeability variation with frequency. But these

," . losses are greater. The product IQF, where gi i s
US0, ..... higher and Q lower, is higher than the ferrite one.

SO.......... 30) -Bias current : the magnetic sensitivity of g is

"0 20 to 40 time higher than ferrites. It means that thecurrent requirements and the turns-number are 20

, --- to 40 time lower (fig. 2).
O{ I•¢: i.TIN, omn.)

44 -' 4) - RF induction : the Q and g values are quasi

independant of the RF induction and we did not see
the Q loss effect in the Mimas range, like we sawFig. 1 a, b :frequency law (a) and voltagewihPliporTKfrte(ig2)

law (b) of the MIMAS RF system with Phillips or TdK ferrites (fig. 2).
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It is possible to increase the RF voltage by a factor and changed from a TH 120 - 40 kW Tetrode to a
more than 4 (the limit was given by the power push pull using 2.10 kW TH 541 tetrodes.
dissipation in the small test-cavity).

5) - Power Dissipation - temperature : In ferrite,
the g increases by 2 every 300 C. With VAC, the
sensivity is very low, not appreciable. But the limit
temperature is low, and destructive (900).

The VAC is metal. The power can be extracted up to - -

more than 1 W/cm3.

a.

• .Fig. 3 - Push Pull resonators
-9..-.an

'Move ,.-0 Magnetic load:

- Vitrovac 6025 F
- 0 ext. : 510 mm

- - 0 int. 355 mm
- e/core 25 mm
- e ribbon 25 pm

- ring number: 2 x 12
- I magnetic 60 cm
- Bias current g./400 4A/4 turns

- cooling : copper rings and water

Fig. 2 Small Test cavity Cooling system : the amorphous metal is inclosed
FImpedan 2 - diferst cvoltas inside a C form alumina box, insulated by a capton

Impedance for different voltages film. A sandwich of two magnetic cores, back to back
on the two faces of a new designed copper ring in

witch flowes the cooling water make an independant60) - Cost: the price of the VAC for the same volume module (fig. 4).

is two time this for the ferrite : but one half of the

volume is used for the same result. The total price is Six modules of this type are aligned around the beam
the same. But the environment is less expensive pipe for each quasi-resonator.
(power supplies, amplifier, used space, a.s.o...) We tested the cooling up to 2 kW per ring.

III - REAL SIZE LOAD BUILDING

It was possible to think built an alone cavity for
MIMAS, to replace the two necessary in operation,
and, so, make free 1, 5 meter on the vacuum chamber.

We chose the same size, (1, 0 int., 0 ext.) for the
cavity, the gap and all the components of the
magnetic load, but the structure was built in two
symetrical push-pull quasi-resonators (fig. 3). The
amplifiers was adapted at this new configuration,
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150 KHz tuning. The large AF (the low Q) permits to
decrease the frequency without excessive impedance
losses.

Like that, the frequency dynamic of the load in our
configuration, is greater than 20 with 300 Q

"-- A impedance, an than 100 with 230 !.

30) Cooling : the Mimas frequency range and voltage

program, in operation configuration and at 1 Herz of
repetition rate, gave an temperature elevation of
20 C. on the external face of Vitrovac.

Fig. 4 - Cooling module
V. CONCLUSION

IV. TEST OF THE CAVITY

The initial goal is touched : it is possible to replace
O) - Impedance - Tuning :we measured the cavity the two old Mimas cavities by one, and use the free

shunt impedance on the total structure, with an place for other operation. The last work on the model
Impedance Analyser Hewlett Packard N* 4194 A. The is to put the vacuum chamber inside the cavity
two resonators appear in parallele and the read internal pipe, and connect the accelerating alumina
impedance has to be multiplied by two . The gap, if the decision to make free the space on Mimas
impedance, at the natural tuning 600 KHz is near is taken.
500 Q, and the tune is possible at 10 MHz with
40 Amperes in the 4 bias windings. The impedance This work will be continuated by and for new needs.
decreases at 300 Q at 2,5 MHz and 230 fQ at 10 MHz
(fig. 5).

An european collaboration, between German, Italian
and French Laboratories, Universities and
Industries is today in study, in order to sum the............... .J~m•,: different "know-how" and capabilities to the same
goals.

Two european synchrotron projects will try o use the
gain given by this kind of materials, and extend
their use at higher frequencies.

This technic can be used today on several existing
accelerators.

Fig. 5 - Tuning and impedance

20) - Voltage: the 4 kV peak needed by the Mimas
operation was reached on this alone gap, in the used
range. Some small parasitic resonances (2 dB losses),
due to the coopling loop and bias windings are now
in correction.

To obtain this voltage, only an 300 Q impedance is
necessary with the used amplifiers. It can be obtain
out of the tune of cavity. Like that, it is not
necessary to load the structure with VAC up to
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Fundamental Mode Detuned Travelling Wave Accelerating Structure

J. Gao
Laboratoire de L'Accdl~rateur Lineaire, IN2P3-CNRS
et Universit6 de Paris-Sud, 91405 Orsay cedex, France

Abstract period in this passband is [2]

In this paper detuning method for the suppression of the
long range wakefields in a linear accelerator structure has W = 2ktuei(w o )•/(1 - 9-sino) (3)

been investigated theoretically. A novel travelling wave h
accelerating structure with its accelerating field phase ve- where W takes the real or imaginary part of the complex
locity oscillating around the velocity of light along the number depending on longitudinal or transverse wake po-

structure has been proposed in order to suppress the long tential with k. being the loss factor or kick factor corre-

range longitudinal accelerating mode wakefield. By de- spondingly, and is the group velocity at the midband.
tuning also the frequencies of the deflecting modes, the The physical meaning of eq. 3 is that the structure starts

longitudinal and transverse long range wakefields can be right at the beginning to oscillate at the synchronous fre-

suppressed at the same time, which is preferable when a quency w(4,). Now we modulate the frequency wo in eq. 3

train of bunches is to be accelerated. over N cells without changing the passband width Aw. w0
is replaced by

21r
I INTRODUCTION WO + 6wcos( 3 -m) (4)

In the design of the next generation TeV e+e- Linear Col- where m is the mth cell with the same start point as N.
liders (TLC) the wake field induced instability is one of The average of W over these N cells is
the main concerns. In this paper we concentrate only on N

the suppression of the long range wakefields which will in- < W >= 1 1 2kwe
fluence the following beam bunches. In section 2 aiming Nm=1 (1 - !sint) (5)
at suppressing at the same time longitudinal and trans-

verse wakefields, a novel accelerating structure with the If N is large and 4, keeps an almost constant value, eq. 5
phase velocity of the accelerating field oscillating around can be replaced by an integral as follows:
the velocity of light along the structure has been proposed. y 2kwei(w0+6wc08*`coa'd$
In section 3 some discussions are made concerning prac- < W >= 2"
tical structure designs. The numerical simulation results 2ir(1 - !IsinO)
demonstrate the feasibility of this novel structure. 1-- 2k e'(wo-&~c'$)0• Jo(Jw's) (6)

II THEORY (1- !sin,)(

To start the discussion we consider an uniform structure The amplitude of the wake potential is modulated by

(so-called constant impedance structure) and one of its Jo(JWns/c) and there exist a series of zero amplitude at

passbands. This passband can be the fundamental or any sni = uoic/Sw (i = 1, 2,3.-.) (7)
other higher order one. The dispersion relation of this
passband is approximated by where sni are the locations where a test particle does not

suffer wakefield of the nth mode, and u0 i is the ith root
W = - kcosO) (1) of the zero order Bessel function. Of course, more compli-

cated modulation is possible as shown in ref. [3].
where 4, is the phase shift between adjacent cavities at The discussions made above are quite general since the
angular frequency w, wo is the midband angular frequency passband can be anyone of those of a travelling wave struc-
corresponding to 4, = 7r/2 and k is the coupling coefficient ture. To suppress the longitudinal wakefield of the funda-
which can be calculated analytically [1] or numerically if mental mode, therefore, the frequency at which the wake-
the structure dimension is given. Eq. 1 can be simplified field is produced should be detuned along the accelerating
as structure as shown in Fig. 1.

w = wO - Awcosq (2) We assume

where Aw is half the angular frequency bandwidth of this w,, = w.o + Jwsin(Kz) (8)
passband.

When a particle with charge Q is going through this where wu, is the wakefield angular frequency, K = 2ir/L
structure with v = c, the wake potential produced per and L is the modulation period along the structure. Since

0-7803-1203-1/93$03. 00 0 1993 IEEE 862



c
, (1- 6wsin(KZ) (20)
Z.-- z,,o Awl~oD info !

_._ The accelerating field travels with its phase velocity oscil-

P> 0.2 lating around the velocity of light. It is obvious that the
particle is not always synchronized with the rf accelerat-

VO.• ing field, and therefore, it is important to look carefully to

g•o X what will happen to the longitudinal and transverse mo-

Figure 1: Detuning of the fundamental mode tion of the particles.
The longitudinal accelerating electric field can be writ-

ten as
w. satisfies the dispersion equation and the synchronous
condition, one has E,(r, z, t) = Eosin(wqrt - #r,.fdz + .0o) (21)

WW = Wo - Awcos(D) (9) where E0 is assumed to be a constant, and 8r! is the wave

WW = (10) number at the angular frequency w,. in the structure. The
OW average accelerating electric field over the length L is

where w0 is the midband angular frequency, Aw is half the
passband width (assumed to be a constant), and D is the < E >L= I Eosin(wr- - I /rqdz + •o)dz
period length of the periodic accelerating structure. We T J c J
denote 5

denoe &D = 0 (11) = EoJo( DASDKsinOo

From eq. 8 we can rewrite the dispersion equation as 6w

w = wo,, + 6wsin(Kz) + AwcosO - Awcos(#D) (12) = Eo~sin(¢o + AwDKsin0o (22)

If we chose our rf source angular frequency to be w,.f which where RW
is within the passband, then R Jo(AwDKsin~o) (23)

w,.r = w.o + 6Jwsin(Kz) + AwcosO - Awcos(r,.! D) (13) is called field reduction factor (abbreviated as reduction
factor). The transverse momentum change over length L

wry is chosen as is

and we define cJ 0

It can be proved that when fl, = 1, P = 0 just like what
l -" 3o + A/ with 00 = 83o D (15) happens in a conventional accelerating structure. Accord-

where 8lo = wqf/c. If Sw/Aw < sin0 0, IA#D! <« 1 and ing to the general conclusion expressed in eq. 6, one gets

vt/c < 1, it is found from eq. 13 that immediately the average fundamental mode longitudinal
wake potential over length L as

A#= - 6wsin(Kz) (16) 2kwcos(wo1)Jo(Sw!)
AwDsinOo < W >L=

The group velocity at rf source frequency is (1 - CsinOo)

V d = = AwDsin(/,3 D) (17) =2kcos(w,.! C)J0(6w;) (25)"" (I (- !s neo)

The average group velocity over the length L is found to We are now in a position to say that the price paid for

be the fundamental mode wakefield suppression is to lower

<V >w the accelerating gradient by a factor R compared with the
<e>L= AwDsin~oJo( Aw(18sinoo case of a conventional structure.

= Rvglz=o (18) If the practically accepted minimum R is around 80%,
from eq. 23 one has

where

SJo( ) (19ADKsino =1 (26)

is called group velocity reduction factor. The phase veloc-
ity of the accelerating field is In the following It is assumed that D = Do, where

_= Wqr Do = C _ Qo (27)
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then large to avoid the attenuation of the travelling wave, and

jf <: 12lrDoAwsinOo I(28) this large iris radius reduces the shunt impedance greatly.
L In practice, however, one can increase the shunt impedance

Once the half passband width Aw (related to the designed by using the backward wave structure where the iris radius
average group velocity < v. >) and 00 are determined, can be made smaller. The effect of the fundamental mode
the maximum frequency modulation amplitude 6w can be detuning is checked by using TBCI, and the result is shown
known from eq. 28. It is natural to assume that the dis- in Fig. 4 where the length of the exciting bunch has been
tance between two adjacent bunches is 1wakepotential

d=U0lc (29)

0
where the amplitude of the wake potential of the exciting
particle is zero. If the rf pulse length is r,! the maximum
number of acceptable bunches in this rf pulse is 1

0.0000
Nb - I6WIrf (30) Figure 4: Fundamental wakefield

U01

The larger the absolute value of 6w is, the greater the chosen very long in order to excite only the fundamental
number of the bunches in a given rf pulse can be. mode. The dipole mode wake potentials (longitudinal, ra-

dial and azimuthal potentials in the same picture) of this
III DISCUSSION structure are also calculated and shown in Fig. 5. In Fig. 4

In the following we will give a concrete example of the 1 wakqxotutial1
fundamental mode detuned structure shown in Fig. 2 (S-
band). It is seen that there are two stop-bands at ?r/4

3100 0
9 R Ndr-0.05 m., rO -1.3 am,) 13.,s I,,3.B.S..4, I too . o.3.

R2.4iR4..95M R0r-0.1 am. r0-1.5 m) 00 0

4 Kda-0 mm, r06.l.S CM) ++

RR R2 R3 U JL 3000 W ewo *, R2-RI.Rn.b I

o2950 0.0000

S200 + o Figure 5: Dipole wakefields
r.-I. cm L.-4D Base

D-3..S an, t0.58 -m 28S 0
0 0.2 0. o., 0., one can see that the first minimum of the wake potential

A,,,p aN,) appears at about the 30th wavelength of fundamental ac-
Figure 2: Fundamental mode dletuned structure and its celerating mode after the exciting bunch. The results from
dispersion curves PRIAM and TBCI demonstrate the feasibility of this novel

mode and 37r/4 mode, respectively. For a given ro the accelerating structure.

group velocity at 27r/3 mode decreases with increasing cav-
ity outer radius modulation dr. For the case of r0 = 1.5cm IV ACKNOWLEDGEMENTS
and dr = 0.05cm, the group velocity v 9 /c at 27r/3 mode The author appreciates discussions with J. Le Duff, T.
is about 0.02. The standing wave electric field distri- Garvey and G. Bienvenu.
bution of 18 cavities at 27r/3 mode is shown in Fig. 3
calculated by using PRIAM [6]. It is obvious that there is V REFERENCES

Ez~
[1] J. Gao, Nucl. Instr. and Method, A311 (1992), pp. 437-443.

[2] B. Epsztein and J.P. Mangin, Proceedings of the Linear
"Accelerator Conference, 1966, p. 332.

"- [3] J. Gao, LAL/RT 91-13. Presented at LC92 Linear collider
workshop, Garmitsch, Germany, July, 1992.

[4] H. Deruyter, et.al., Proceeding. of the 1990 Linear Accel-
I I z erator Conf., Albuquerque, U.S.A., P. 132, 1990.

Figure 3: Standing wave pattern of 18 cavitiess [5] K.L.F. Bane and R. Gluckstern, SLAC-PUB-5783, March
1992.

no attenuation. It is found that the shunt impedance of [6] G. Le Meur and F. Touz, Proc. of EPAC, June 12-16, 1990,
the synchronous travelling wave is about 30 MfQ/m with Nice, France, p. 1693.
Q = 13596 (r0 = 1.5cm and dr = 0.05cm). Since this ex-
ample uses electric coupling, the iris radius has to be very
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Demi-Disk Travelling Wave Accelerating Structure *

J. Gao
Laboratoire de L'Acc6lIrateur Lin~aire, IN2P3-CNRS
et Universit6 de Paris-Sud, 91405 Orsay cedex, France

Abstract The longitudinal electric field inside an axisymmetric

The dark current in a normal disk-loaded accelerating disk-loaded structure is expressed as:

structure is one of the main obstacles which limit the ac- E, (r, z, t) = E (r, z)sin(wt - kgz + Oo) (1)
celerating gradient going higher. In this paper a demi-disk
accelerating structure is proposed in order to reduce the where w = 27rf, k9 = 27r/Ag is the fundamental wave num-
dark current. Its transverse rf focusing forces can reduce ber of this travelling wave structure and 4o is the initial
the effects of wakefields on the beam's emittance growth emission phase of the field emission electron when it is
which is preferable in future linear colliders. 3D program emitted at z = 0 and t = 0. If only linear term is kept, the
PRIAM [1] has been used to calculate the field distribu- electric field near the axis can be expressed as:
tions and the dispersion curves of this structure. Estima-
tions of the trajectories of the field emission electrons have E, (r, z, t) = E, (0, z)sin (wt - kgz + O'o) (2)
been done.

In the following analytical treatment, E,(0, z) has been

I INTRODUCTION chosen to be a constant Ego. From eq. 2 we have

d-1 qEzo sn€ 3
The next generation TeV e+e- linear colliders require that dz - mqocEn(0) (3)
the accelerating structures support high accelerating gra-
dient in order to keep the machine within a reasonable where
scale. The fact that various beam property control meth-
ods, such as BNS damping [2], energy spread compensa- 0 = wt - kgz + q0 = k[ 2  1/2 1)dz + Oo (4)
tion [3] and fundamental mode detuning [4], lose accel- J- 1)/2

eration efficience emphasize also the importance of this where -f is the ratio between the electron's relativistic en-
requirement. It is found, however, that in a conventional ergy and the rest energy m 2c2, k = 21r/A and A is the
axisymmetric disk-loaded accelerating structure, when the electromagnetic wavelength in free space. In eq. 4 kg has
field level reaches certain value, appreciable electrons are been chosen equal to k (the phase velocity of this travel-
emitted from the surface of the accelerating structure and ling wave /p = w/kc = 1 through out this paper). When
some of them are captured by the travelling wave and ac- - > 1, 0 will be frozen at its asymptotic value [7]
celerated continuously along the axis of the accelerating
structure [5][6]. This captured electrons' flow is so-called 1
dark current. The dark current has very wide energy spec- c=sin(qOo + (50) + 40 (5)
trum and therefore produces lot of noises within detectors.
On the other hand the dark current excites wakefields and qEzo (6)
takes precious rt power in the form of beam loading, a moc 2 k

In this paper a demi-disk travelling wave accelerating where So can be calculated from an empirical formula
structure is proposed aiming to reduce the dark current. which is given as:
In section 2 we will first look at the dark current in the
case of conventional disk-loaded accelerating structures. In 80(degree) = 19E,-00' 9  (7)
section 3 the demi-disk structure is investigated.

where Ez0 is in MV/cm. In fact it is found that 6qS can

II CONVENTIONAL DISK-LOADED be neglected if 00 > 600. From eq. 3 and eq. 5 one can
get the approximate expression of the final energy gain of

ACCELERATING STRUCTURE longitudinally captured electrons with respect to the frozen

In order to get some general ideas of the behaviour of phase and electron's longitudinal position z:

the field emission electron in a conventional axisymmetric rI = 1 + asin(Of)kz (8)
structure let's look at the longitudinal and the transverse
motions of it. In the following we will discuss the transverse motion

* 'art of this work was first presented at the LC92 linear collider of the field emission electron keeping the simpification of
workshop, Garmitsch, Germany, July 25 - August 2, 1992. only using linear rf field terms. It is well known that the

0-7803-1203-1/93$03.00 © 1993 IEEE 865



transverse rf force acting on a particle with electric charge
q travelling at velocity v, is expressed as:

F,- -r-(k - .p#.)E.ocos(wt - kz + 4o) (9)

where r is the transverse deviation from the axis and
6 = v, /c. Assuming that an electron is emitted at t = 0
and z = 0 with 3, = 0 from the cavity wall, one can see
from eq. 9 that the electron will be either focused or defo-
cused depending on their initial emission phase 00- When
the field emission electrons's velocity approache that of Figure 2: Electric field pattern of 2ar/3 mode
light they will no longer feel the transverse rf force and
some of them can be continuously accelerated near the axis 430o. -' (M)

along the structure as dark current if they are properly fo- 4=- 1O- 7 ---
cused. Numerical simulation shows that at S-band (3GHz)3Do -a A--.4T. 6
when Ezo = 30MV/m the field emitted electrons in a 600 3

phase interval centered around the rf peak (4)o = 900) are - --.
captured and accelerated to the end of the accelerating 2= . .

structure [8]. It is obvious that this large capture phase 0D 0".4 o. ) .2 1.

interval should be reduced if one want to increase acceler- Figure 3: Dispersion curves
ating gradient without raising the working frequency.

III DEMI-DISK TRAVELLING WAVE what has been done in the previous section. The longitu-
ACCELERATING STRUCTURE dinal motion can be described by the same formulae de-

rived for an axisymmetric structure. Now, we first look
A rf properties at the transverse motion of the electron in the vertical

plane (symmetric plane, x=0). According to the numeri-The proposed demi-disk accelerating structure is shown cal results of PRIAM we know that E., E. and H1, can bein Fig. 1. To compare with the SLAC type 21r/3 mode expressed as:
structure, the same mode has been chosen for this demi-
disk structure. The standing wave electric field pattern Ez(z, y, z, t)I=o,y=o = Ezosin(wt - kz + O)o) (10)
of 2ir/3 mode is shown in Fig. 2. The dispersion curves
are shown in Fig. 3 where the radius of the iris has been E.(x, y, z, t)ly=o = xKecos(wt - kz + Oo) (11)
changed. It is interesting to notice that the group velocity EV(z, y, z,t)J.=o,,=o = Eyoeos(wt - 2kz + Oo) (12)
at ir mode is not zero, and this is due to the fact that
the structure has "quasi" D/2 periodicity. Fig. 4 shows Hy(z, y, z, t)lj=o = -xKhsin(wt - kz + -0o) (13)
the dependences of the group velocity vg and the shunt From V -E = 0
impedance R on the iris radius r0. What should be pointed
out are that the demi-disk structure has very large group OE., +E y +E = (14)
velocity when the iris radius is small, and that when the iris 0"-z 9Y aez
radius is larger than some value the rf source might excite
another mode which has the same resonant frequency as we get
the desired working m ode. E y( zy,z,t)1.=o := EE(O,O ,zt) _ 8( E ý + E

Jo Oz Oz~d

B beam dynamics
= E1,ocos(wt - 2kz + 4)o) - yKecos(wt - kz + 4'o)

The motion of the electron moving inside this structure

can be found out from the rf force near the axis just like + ykEocos(wt - kz + qo) (15)
-R (MOhm/m) - Vg/c

55 0.06
Y s0 0.04

D- 45
S40 0.02

C: 0
35 0 •

0.3 1 1.2 1.4 1.6 1.8 2 2-2
ro3 (cm)

Figure 1: Demi-disk travelling wave structure Figure 4: vg/c and R vs r0
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From V x H = Eo, we have 3 1 pa- -,"

(L•y E.) * phiO.90

- r. 1.4 cm, E (O.0)-30MV/m.

f = ' OHy DE, .u -3 R-40MQ; . ,/,-0.022
Hý (HY -oýE-)dy phi0(*.) -90- co~vs'pcn4* t tho rf

HT 0 5 10 15 20 25 30 35 40

= -yKhsin(wt - kz + Oo) Z (cm)

- ycowEocos(wt - kz + 4'o) (17) Figure 6: The trajectories of the field emission electrons
in the vertical plane with different emission phase Oo

where the constants Ego, Hy0 , Ke and Kh can be deter- 5
mined from the numerical results of PRIAM. We know . -'. ' *.... .p... -S-

0 phio-90'7
from eq. 15 and eq. 17 that the transverse rf force acting p*iO-65-

on a particle can be expressed as: > "-75
r'~-1 0oo~e9

F= qEvocos(wt - 2kz + .0o) c,=.4. E.(O.O)3OMV/rm
-3 R._t0M/hmn. vS/t0.022

+qyk(1 - #jpI)Eocos(wt - kz + 0o) "=o .f= l -5 ....(O : - -.. . . . .. . . .- 1 ..
0 5 10 15 20 25 30 35 40

-qyKecos(wt-kz+ko)-qypovzKhsin(wt-kz+46o) (18) z (Cm)

As for the expression of the rf force in the horizontal plane Figure 7: The trajectories of the field emission electrons

(y = 0), similarly, we have in the horizontal plane with different emission phase 00

F= qxKecos(wt - kz + Oo) + qxpov, Khsin(wt - kz + qo) IV DISCUSSIONS
(19)

For the accelerated electrons (-y >> 1 and fl, % 1), by Even the demi-disk structure discussed above is proposed
ignoring the first term in eq. 18 which doesn't synchronize to reduce the dark current, it might have other appli-
with the electrons and using eq. 5, the transverse rf forces cations such as rf wigglers and the positron generation

can be rewritten as: linacs. What should be pointed out is that if it is used as
a positron generation linac, the adjacent demi-disks should

F= -qyKecos(Of) - qypov. Khsin(Of) (20) have 90- polarization difference in order to focus quickly

F= qxKecos(0j) + qxpov Kosin(qOf) (21) the low energy positrons in both transverse planes.

It is obvious that if in one plane it is focusing in another V ACKNOWLEDGEMENTS
plane it will be defocusing. In order to have focusing for
accelerated beam in both transverse planes, rotating the The author appreciates the helps of Y. Thiery, G. Le Meur
polarization of the demi-disks along the structure is neces- and F. Touz during using PRIAM. He appreciates also the
sary as shown in Fig. 5. The philosophy of this design is to discussions with G. Bienvenu, P. Brunet, J. Le Duff, T.
deflect the low energy field emission electrons in each short Garvey and A. Dovbnia.
uniform section as shown in Fig. 1, while keep focusing
the accelerated beam in the whole accelerating structure VI REFERENCES
against the transverse wakefields. In this paper attentions
will be put to the motions of the field emission electrons [1] G. Le Meur and F. Touz, Proc. of EPAC, June 12-16, 1990,

in the uniform section only. Based on the linear rf force Nc FranP. 1693.

expressions in eq. 18 and eq. 19, field emission electrons' [2] V. Balakin,A. Novokhasky and V. Smirnoy, Proceedings of
trajectories have been calculated and shown in Fig. 6 and the workshop on "Physics of linear colliders1, Capri, June13-17, 1988, p. 167.
Fig. 7. From these two figures it can be seen clearly
that few electrons can be captured as dark current since [3] R. D. Ruth, SLAC-PUB-4541, 1988.
in one transverse plane field emission electron is focused [4] J. Gao, "Fundamental mode detuning travelling wave accel-

in another plane it will be defocused. erating structure", presented at LC92 linear collider work-
shop, Garmitsch, Germany, July 25 - August 2, 1992, in
these proceedings.
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Analytical Formulae for the Coupling Coefficient 3 between
a Waveguide and a Travelling Wave Structure

J. Gao
Laboratoire de L'Acc6l6rateur Lin6aire, IN2P3-CNRS

et Universit6 de Paris-Sud, Centre d'Orsay, F-91405 Orsay cedex, France

Abstract of elliptic- and circular-shaped apertures can be found by

Analytical formulae for the coupling coefficient 3 of a placing these kind of apertures in static electric and mag-

waveguide-travelling wave structure coupling system have netic fields [4].

been established and compared with experimental results. ll(1 -e
2

The dimension of the coupling aperture on the coupler P 7 - 3 eo)°Eo (1)
cavity of a travelling wave structure can be determined 3E(1o)

easily. The relation between the coupling coefficient P and 7rlHe2

the other parameters, such as aperture dimension, wave- M = 3(K(e0) - E(eo))H (2)

length, group velocity, wall thickness and coupler dimen-

ir13e2(1e2) H 3sion, is explicitly revealed. These formulae include that M2 3"E 7eo)-e(1 - e•H) g (3)
for the case of a waveguide-single cavity coupling system 3(E(e0) - (1 - e2)K(eo))
which has been established in ref. [1]. e0 = (1 2/s)1/2(4

O=(1- 12 11 (4)

I INTRODUCTION where c is the permittivity of the vacuum. P and Mi
(M2 ) are the electric and magnetic dipole moments, re-

During the construction of a linear accelerator structure spectively. E 0 is the electric field perpendicular to the
the determination of the dimension of the coupling aper- surface of the ellipse. H, and H2 are the magnetic fields
ture on the coupler cavity wall is always made by exper- parallel to the major and minor axes of this ellipse. 11 and
iments. Recently the three dimensional program MAFIA 12 are the lengths of the half-major and half-minor axes,
has been used to design the coupler of a travelling wave respectively (see Fig. 1). K(eo) and E(eo) are complete
structure [2]. Based on Bethe theory [3], however, in elliptic integrals of the first and second kinds [5].
this paper analytical formulae which can be used to de-
termine the coupling aperture's dimension are established K(eo) = 2(1 + I) 2e2 + ( 1-3)2 e 4+(1. 3 _•)2e6
and compared with experimental result. These formulae -2 0 2402460
apply also to the case of a waveguide coupled to a single 1-3-5-7 25 • 8

standing wave cavity. +(24 6-8)e+ ) (5)

II BASIC THEORY 2 ~ ~~) r( 1 s s 1 3 s4 1.3 .5 e0o

a linear accelerator the electromagnetic energy is fed E(eo) 2 - ( ) eo (2.-3) .4- 6) 5
from a klystron through a waveguide to the accelerating
structure. The coupling is effected by an aperture located ,1.3•572e • (6)
on the common wall between the waveguide and one cay- -2.4-6.8 7-
ity, so-called coupler cavity, of the structure. If the lin- For values of e0 approching unity,
ear dimension of this aperture is small compared with the
wavelength, Bethe theory states that the aperture is equiv- K(eo) = ln(4') (7)
alent to a combination of radiating electric and magnetic 12

dipoles, whose dipole moments are proportional to the nor-
meal electric field and the tangential magnetic field of the E(eo) - 1 (8)
incident wave, respectively [3]. If the aperture is small, Obviously, for eo equal to zero, the aperture becomes cir-
static field solutions for the equivalent dipole moments cular with 2

3

H2t 212 M, = M2 = ý1 H1 , 2  (10)

where 1 = 11 = 12. It should be mentioned that the aper-
tures discussed above have no volumes, only elliptic sur-
faces, and that all the quantities used in this paper are in

Figure 1: Coupling aperture MKS units.
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III CALCULATION OF THE performed by M, or M 2 . The H1 and H2 in eq. 2 and eq. 3
COUPLING COEFFICIENT/f are the magnetic fields on the wall of the cavity when the

aperture is replaced by a metal surface, that is to say H, or
A waveguide-travelling wave structure coupling system can H2 can be calculated by a 2-D program such as Superfish
be equivalent to the case of a waveguide-coupler cavity if the cavity is cylindrically symmetric. According to the
coupling system where the coupler cavity is coupled to theory stated in ref. [4], if compared with the size of the
the rest of the travelling wave structure. The coupling aperture the cavity wall can be considered as plane rather
coefficient /3 is defined as than bent, the amplitude of the H10 mode magnetic field

P. H0 induced in the waveguide by the equivalent magnetic

Po +-" (11) dipole moment of the aperture is expressed as

where Pe is the power lost in the matched load of the Ho = jwpjoh~oM 1,2  (17)
waveguide, P0 is the power dissipated inside the coupler
cavity and Pt is the power flow from the coupler cavity where2
to the adjacent travelling wave structure. Pg can be also hi0 = jabkoZo sin(-) (18)
expressed as

U 2wr
Pt = V (12) ko = 2 (19)

where U and L are the stored energy and the length of the r.A
coupler cavity, respectively, and vg is the group velocity lo = jko(1 - (2a)2)1/2 = jk2a (20)
of the travelling wave structure. In terms of equivalent The equivalent voltage V, induced in the waveguide could
circuit, #3 can also be expressed as be expressed as

'6 (13)
Sn2G- V, = E 0b = H0 b (21)

where Y, is the admittance of the waveguide, Go is the
equivalent resonant admittance of the cavity and n is the where E0 is the electric field of H10 mode. If the coupling
transform ratio of an ideal transformer. Throughout this aperture is located at the center of the w,.veguide cross
paper we consider only the lowest propagation mode Hi 0  section, that is to say z = a/2 in eq. 18, using all the
in the waveguide. In terms of Power-Voltage definition, equations in this section eq. 13 can be expressed as

a(I2 Zokokloe41l6 2•(2

YC a(1 2)1/2 (14) /36 = 9ab(K(eo) - E(eo)) 2 Po + t (22)
2Zob

or

Go = 2(Po + P') (15) _ r2 Zokokloe4(1 - e 2  HV02  
0 0 2_ (23)

where a and b are the width and height of the waveguide, 9ab(E(eo) - (1 - eo2)K(eo)) 2 Po + pt
respectively, A is the wavelength in free space, Z0 = 1207r where 61 and #2 correspond to M, and M2, respectively.
(Ohm) and Vo is the equivalent voltage across the gap of I should be noticed that eq. 22 and eq. 23 do not include
the cavity. From the definition of an ideal transformer the effect of the wall thickness of the coupling aperture.

I _, (16) Practically, however, it is necessary to take this effect into
n Vo (16) account. It is natural to imagine that the cavity is con-

nected with the waveguide by a small section of cylindrical
where V, is the equivalent voltage induced in the waveg- or rectangular waveguide with corresponding cutoff wave-
uide by means of the coupling aperture. length A• depending on the shape of coupling aperture.

If the coupling aperture is located where there is only If the thickness of the coupling aperture is d, the electro-
magnetic field as shown in Fig. 2, the coupling of energy is magnetic power after passing through this aperture will be

waveguide reduced by a factor e-s2 ad where
coupling trave Allingwav

aprtr =tr ko((~.) )/ (24)

where A > A,. By joining this factor to the right side of
eq. 22 and eq. 23, the final analytical formulae of '3 are
established as

coupler cavity w2Zokokioe416e 2 ad H?
Figure 2: Magnetic coupling U1 (25)

9ab(K(eo) - E(eo))2 Po + jv9

869



jwavegule stravelling wave waveguide
, coupler 4av1 y

• I)) ,,, I / Tcavity

0 _] co•upling a~pem Srect."=BbSe4.-1--"112, a=7.2 cm, b=3.4cm0

Figure 3: Electric coupling Figure 4: Coupling aperture of LIL structure
1.4

whee hea n q.25an e. 2 my otbesae.Fo a1. 1.6 1.-8 2a 2.2 2.4.. 2.6h...

H
2 ~~~~~. .be cacuatdan fr arsut

or s ..as ......MA FIA.or.P R-AM ha .........
a 0 .8 ........... ; ..... ............ .........- ....... ;-..........

7 .......... 2)2 6 -2 id 0. ........... ..-.... . i.... - --......
02 9ab(E (eo) - (I - eo2)K (eo))2 Po + UVg 0.4 ........ ........... •... .•........... t ...........÷.....

0 .2 ...... • . .... ........ ..- ........... .:........... ...........

where the o in eq. 25 and eq. 26 may not be same. For a 1.4 1.6 11 2 4 2.6cylindrical symmetric coupler cavity the cavity parameters B (CM)
H 2 H n H2 Figure 5: Comparison between analytical and experimen-

1•• 2'-1 -H! and -21,, can be. calculated by Superfish and for tal results
a'cyl'ind~rically asymmetric cavity three-dimensional pro-
gram such as MAFIA or PRIAM have to be used. Right
now, once the group velocity and the aperture dimension V OTHER APPLICATIONS

are given one can directly calculate the coupling coefficient Another important application of these analytical formu-
i•. lae is to estimate the loaded Q of higher order modes in a

If the coupling is effected by electric field as in the case damped structure (either a travelling wave structure or a
shown in Fig. 3, the coupling coefficient ft is found to be single cavity) when a waveguide is connected to the struc-

ture to take out the power of higher order modes [61
)- _k](1 - eo) 21,e 2 adsin (A•z) E2 (27) Q0

9abZokioE(eo) 2  PO + v QL = (28)

where E0 is the electric field on the surface of the aperture where the dimension of the waveguide should be chosen as
before it is opened, A9 is the wavelength in the waveg- that the frequency of the accelerating mode is below the
uide (H10 mode) and z is the distance from the end of the cut-off frequency of H1 0 mode in the waveguide.
waveguide to the center of the coupling aperture.

It is obvious that when the group velocity vg = 0 the for- VI ACKNOWLEDGEMENTS
mulae derived above correspond to the case of waveguide- I appreciate the help of P. Brunet and G. Bienvenu for
single cavity coupling system [1]. providing LIL experimental results. I thank also J. Le

Duff for his carefully reading the manuscript and valuable
IV COMPARISON WITH remarks.

EXPERIMENTAL RESULT

In this section we will compare the analytical result with VII REFERENCES
that of an experiment. We take the output coupler of LIL [1] J. Gao, "Analytical formula for the coupling coefficient 1
accelerating structure (which is used as injector for LEP of a cavity-waveguide coupling system", Nucl. Instr. and
at CERN) as an example. The coupler cavity parameters Meth., A309 (1991) p. 5.
are listed in Table 1. The rectangular coupling aperture is [2] H. Hanaki, "Computer design of coupler cavity for a tray-
equivalent to an elliptic one as shown in Fig. 4. The rect- elling wave type buncher", EPAC92, Vol. 2, p. 910.
angular aperture can be regarded as a section of waveguide [3] H. A. Bethe, "Theory of Diffraction by Small Holes", Phys.
of length d working at H01 mode with cut-off wavelength Rev., Vol. 66, PP. 163-182, 1944.
A, = 2B, where the wall thickness d is shown in Fig. 4. [4] R. E. Collin, "Field Theory of Guided Waves", pp. 285-307,
Fig. 5 shows the comparison between the experimental re- McGraw-Hill Book Company, 1960.
sult and that analytically obtained from eq. 26. [5] S. M. Selby et al., "Handbook of Mathematical Tables",

Chemical Rubber Publishing Company, Ohio, 1962.

[61 J. Gao, "Absorption of higher order modes in rf cavities
Table 1: Parameters of LIL output coupler cavity via waveguides", submitted to the Workshop on Microwave-

U(J) j L(cm) I c/v, I Po(W) IH2 (A/m) d(cm)[ Absorbing Materials for Accelerators, Feb. 22-24, 1993, CE-
0.00107 3.4 11471 1375 3420 0.27 BAF, Virginia, USA.
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Automated Bead-Positioning System
For Measuring Impedances of R-F Cavity Modes*

D.A. Goldberg and R.A. Rimmer,
Lawrence Berkeley Laboratory

Berkeley, CA 94720

Abstract mon methods for measuring the fields in a resonant device
We describe a fully automated bead puller system which such as an R-F cavity is to make use of the fact that the

uses stepping motors to position the bead, and an HP-8510 introduction of a small perturbing object causes a shift in
network analyzer to measure the resulting frequency shifts, the resonant frequency which is proportional to the square of
both devices being under computer control. Longitudinal the local field [3]. Hence by moving such an object, fre-
motion of the bead is used for measurement of cavity shunt quently referred to generically as a "bead," along, say, the
impedance. In addition, azimuthal scans at fixed axis of the device, and measuring frequency shift as a
longitudinal position aid in determining the multipole function of position, one can determine the field values for
character of higher-order modes. High sensitivity/accuracy is the integrand of the impedance integral. Furthermore, by
made possible by measuring phase shifts at the unperturbed measuring the (longitudinal) impedance along a series of
resonant frequencies (rather than frequency shifts transversely displaced paths, we can, through the use of the
themselves), thereby permitting averaging factors of > 500 Panofsky-Wenzel Theorem, determine the transverse shunt
with only modest increases in data acquisition time. Sample impedance as well [2,4].
measurements will be presented. A comprehensive analysis
of the experimental results is presented in an accompanying II. DESCRIPTION OF APPARATUS
paper [11.

Figure 1 shows the bead puller together with a device
I. INTRODUCTION under test, in this case the model B-Factory cavity described

in Ref. 2. The test bead is mounted on a thin Kevlar string
The longitudinal and transverse kicks which a beam of which runs longitudinally through the cavity. For most of

particles experiences, due to either externally imposed or our measurements, our "bead" consisted of a .040 in. diame-
self-generated fields, upon passing through any device in the ter, I in. long stainless steel needle, which is almost
accelerator can be parametrized in terms of the respective exclusively sensitive to the longitudinal electric field.
shunt impedances of that device [2]. Those impedances can However, because analytic expressions for the form factors
be represented as integrals along the beam path involving necessary to convert frequency shift to field strength are only
the longitudinal or transverse fields. One of the most corn- derivable for a limited nunber of bead shapes (cylinders are

Fig. I Bead Puller and Model B-Factory Cavity

* Work supported by Director of Office of Energy Research.
U.S.D.O.E, under Contract DE-ACO3-76SF00098
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not among such shapes; small spheres are), it was necessary table position.) The same computer is also used to control
to "calibrate" the needle. This was done by first measuring (via the GP-IB) the frequency measurements, as well as to
the field in the TM010 mode (which is known to be almost compute the beam impedances from the measurement data.
perfectly longitudinal on the cavity axis) with a .375" Measurement of the (shift of the) cavity resonant
diameter spherical alumina (99.5% purity) bead, remeasuring frequency is done using an HP 8510 network analyzer. In
it with the needle, and normalizing the latter data to the the present setup, we employ two probes, one to excite the
former. cavity, and one to detect the excitation, and determine the

The needle was mounted on a .018" dia. Kevlar string; resonant frequency from S21 . For bigh-Q modes, one can
the bead, on a .023" one. In addition to its high tensile measure frequency shifts directly. However, for low-Q
strength (50 lbs. for the former string, 80 lbs for the latter), modes it is much more advantageous to measure the phase
Kevlar has the added advantage that after it is "run in" by shifts at the unperturbed resonant frequency.
making three or four full-length traverses, it shows negli- A similar measurement technique has been recently
gible further elongation, reported by the Chalk River group in their measurements of

Positioning of the bead is accomplished by means of a the longitudinal fields of the accelerating modes of RF
set of Lintech TWIN RAIL® tables which are driven by cavities and RFQ's [5]. Our method differs from theirs in
Compumotor SX 57-102 stepping motors under the control several significant ways. First, instead of measuring "on the
of Model SX programmable controllers. The Lintech tables fly," we bring the probe to a stop during the measurement,
use an Acme thread lead screw so that in the event of loss of which permits signal averaging at each point,l thereby
stepping motor power, even the vertically mounted tables making possible accurate determination of phase shifts as
retain their position. small as even a few tenths of a degree. Secondly, use of the

Longitudinal (z-)motion is controlled by the long table HP 8510 analyzer in the single-frequency (CW) mode makes
shown at the far (left hand) end of the cavity; the geometry it possible to use an averaging factor of up to 128 at as little
is shown schematically in Fig. 2. The total table travel is as I second per point, or as high as 4096, at less than 2 sec
roughly 60 cm, but this can be multiplied with the use of a per point, enabling us to do a 100 point scan in less than
block and tackle arrangement; the present setup employs a two minutes. 2  In addition, the 3-dimensional motion
multiplication factor of three, making it possible to measure capability permits us to do not only transverse scans (for
devices nearly two meters long. Use of an 8 lb. counter- measuring transverse impedance), but to take angular
weight is sufficient to maintain the vertical position of a distributions to facilitate mode identification.
bead of mass up to 7 gm. to within 1 nun over its entire
distance of travel. III. RESULTS AND ANALYSIS

z-motor

block . . . . . . . .

device under test kevlar
tackle / " -- . thlead

o -50

pulley -,- - J -s o

U. I0
- -" ' 1005 '60 ' 7 U ' ' 90. .

___ 50 60 70 80 90 100 110 120

Fig. 2. Schematic Representation of Longitudinal Drive Distance (cm)

Transverse bead position is determined by a pair of x,y
tables at either end of the apparatus, on one of which the z- Fig. 3 Frequency shift vs position for fundamental mode of
drive (table and pulleys) is mounted (see Fig. 1). Both x- the B-factory model cavity.
table motors are driven by a common controller, as are both
y-table motors. The range of travel in both transverse Results of the frequency measurements of the fundamen-
planes is ±8cm. Each set of tables is mounted on its own tal mode are shown in Fig. 3, where we have plotted the
modular frame; in the present experiment, both table frames
are mounted on a common bed which also supports the
cavity. However, the modular construction also permits ISignal averaging is essential for measuring the fields of the
transporting the apparatus to measure cavities "in the field" strongly damped modes, as well as for accurately determining
or on their own support stands. the small transverse gradients of the longitudinal modes.

The table motion and controller settings can be directed 2There is also a 2-3 minute measuring "overhead" which includes
from a Hewlett-Packard (iP) 216 computer via an RS-232 a recording of the full spectrum at the start and end of each run,
serial link. (A hand controller can also be used to adjust as well as a one-half second settling time between the end of

the bead movement and the start of the measurement.
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frequency shift, proportional to the square of the electric The advantages of the HP 8510 in CW mode are clearly
field, as a function of longitudinal position. The larger illustrated in the frequency measurements for the TMo1 I
distances correspond to the side of the cavity containing the mode, shown in Fig. 4. This is one of the most trouble-
higher-order mode (HOM) dampers; the longitudinal asym- some HOM's in the undamped cavity, and the dampers'
metry introduced by the dampers is clearly evident, efficacy in reducing its Q-value by over three orders of

To compensate for possible short-term temperature magnitude to a value of 28 reduces the resulting perturbed
drifts, we measure the phase shift at a field-free point at the phase shifts to a maximum value of 0.4 degrees! Nonethe-
start and end of the scan, record the times of these less, by employing an averaging factor of 4096, we were
measurements as well as the times at which the first and last able to obtain the data in Fig. 4 in less than two minutes.
points of the actual scan are taken, and assume a linear
variation; the data in Figs. 3 and 4 reflect this drift IV. ACKNOWLEDGEMENTS
correction. Despite being deliberately overcoupled to the
input waveguide, the cavity still has a relatively high Q of We would like to thank Jim Wise and Jim Smithwick
roughly 1800, so that a relatively modest averaging factor of for their able assistance in constructing the mechanical
256 sufficed. We note that there appears to be a difficulty in apparatus, Jim Hinkson for making available to us his
reproducing the measured value of RT2/Q to better than ±1- coding for the Compumotor controller, and Greg Goebel of
2% which appears to be unrelated to the signal-to-noise Hewlett-Packard for invaluable assistance in getting the RS-
problem which averaging addresses, and presents a problem 232 control working on the HP 216. This work was
in measuring the transverse gradients needed to obtain the performed at the Lambertson Beam Electrodynamics
transverse impedances. The present suspicion is that it is Laboratory under the auspices of the Center for Beam
due to short-term temperature fluctuations; the problem is Physics, and was supported by the Director of Office of
being studied further. Energy Research, U.S.D.O.E, under Contract DE-AC03-

RT 2/Q can be obtained from the dielectric bead data 76SF00098
using

22Q fir2 Afeikzd 2 V. REFERENCES

[1) R.A. Rimmer and D.A. Goldberg, "Measurements of

Higher-Order Mode Damping in the PEP-II Low-Power
Eq. 1 has been adapted from Ref. 4; to evaluate the quantity Test Cavity," these proceedings.
in brackets one breaks the integral into sine and cosine parts, [2] see, e.g., D.A. Goldberg and G.R. Lambertson,
then squares and sums the two parts. As stated above, we "Dynamic Devices: A Primer on Pickups and Kickers"
then repeated the measurements using the metal needle, set in Physics of Particle Acceleratores, A.I.P. Conf. Proc.
the "epsilon factor" equal to unity (it is 1.353 for the 249, p. 554 et seq., (1992).
alumina bead), and replaced the c2/hrr' with an empirical [31 L.C. Maier, Jr. and J.C. Slater, "Field Strength
constant. Overall, including the epsilon factor, we find that Measurements in Resonant Cavities," J. Appl. Phys.
the needle gives phase shifts roughly 50% greater than those 23 (1952) pp.68-77
obtained using the bead. [41 For a detailed description of the conversion of field data

to impedance, see W. Barry and G.R. Lambertson, "Per-
turbation Method for the Measurement of Longitudinal

I 0 and Transverse Beam Impedance," in Proc. 1987 IEEE.0" Particle Accelerator Conf., Vol. 3, pp. 1602-1604.
[5) B.H. Smith, R.J. Burton, and R.M. Hutcheon, "High

Speed Resonant Frequency Determination Applied to
".C Field Mapping Using Perturbation Techniques," in
(A 1992 Linac Conf Proc., Vol. 2, pp. 468-470.

S-50
C

LL.
IA.

-100

50 60 70 80 90 100 110 120

Distance (cm)
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Measurements of Higher-Order Mode Damping
in the PEP-II Low-Power Test Cavity

R. A. Rimmer and D. A. Goldberg*
Lawrence Berkeley Laboratory

I Cyclotron Road, Berkeley, CA 94720, USA

Abstract Table 1
PEP-II RF system parameters

The paper describes the results of measurements of the Higher- (including the effect of the 5 gan in the am)
Order Mode (HOM) spectrum of the low-power test model of PARAMETER HER LER
the PEP-II RF cavity and the reduction in the Q's of the modes
achieved by the addition of dedicated damping waveguides. All RF frequency (MHz) 476 476

the longitudinal (monopole) and deflecting (dipole) modes Beam current (A) 1.03 2.25

below the beam pipe cut-off are identified by comparing their Number of bunches 1658 Ž1658

measured frequencies and field distributions with calculations Number of cavities 20 10

using the URMEL code [1]. Field configurations were Shunt Impedance Rs (mi) a 3.5 3.5

determined using a perturbation method with an automated Gap Voltage (MV) 0.93 0.60

bead positioning system [2]. The loaded Q's agree well with Accelerating gradient (MV/m) 4.1 2.7
Wall loss/cavity (kW) 122 51

the calculated values reported previously, and the strongest Coupling factor without beam (2) 7.5 7.5

HOMs are damped by more than three orders of magnitude. unload tof withb 300 730000

This is sufficient to reduce the coupled-bunch growth rates to Unloaded Q of cavityb >30000 >30000
a Rs =V2/2p

within the capability of a reasonable feedback system. A high- a R s at 40°

power test cavity will now be built to validate the thermal b with ports, at 40*C

design at the 150 kW nominal operating level, as described H. LOW-POWER TEST CAVITY
elsewhere at this conference [3].

I. INTRODUCTION A low-power test cavity (LPTC) has been fabricated, see
figure 1, which was designed to show the loading of the HOM
Q's and, therefore, the impedance reduction that could be

Impedances of higher order modes in the RF cavities can obtained with the waveguide damping scheme.
drive coupled-bunch instabilities in high-current storage rings.
For the PEP-I1 B factory [4] we have taken the approach that
the HOMs must be damped to a point where a practical broad-
band feedback system can control the coupled-bunch growth
rates. At the same time it is important to maximize the
fundamental-mode impedance of the cavities to make most
efficient use of RF power and to minimize the number of
cavities and RF stations. The R&D effort, shared among LBL,
SLAC and LLNL, has produced a normal-conducting cavity
design [5,6] which uses a trio of dedicated damping waveguides
to reduce the HOM impedances. The target was to reduce the
longitudinal impedances to the order of a few kW, and the
transverse impedances to a few hundred kfl/m (comparable
with the effect of the resistive-wall). The single-bunch
parameters are typical of existing machines and not in the
regime where microwave instabilities would be expected.

As a result of the ongoing R&D program some of the
lattice and RF parameters have changed compared with those
given in references 4,5 and 6. All of the changes make the RF
design more conservative. Table 1 shows the current PEP-Il
RF system parameters.

*This work was supported by the Director. Office of Energy
Research. Office of High Energy and Nuclear Physics, High Energy Figure 1. Low-power test cavity. The rectangular ports
Physics Division of the U.S. Department of Energy, under are for the HOM damping waveguides, the two large circular
Contracts DE-AC03-76SF0098 and DE-AC03-76SF00515. ports are alternative locations for a loop coupler.

0-7803-1203-1/93S03.0 0 1993 IEEE
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To save cost, the quality of construction, though good, Figure 2 shows the spectrum of modes from below the
was not intended to show the ultimate Q of the fundamental fundamental (TMo0o) mode up to 900 MHz without damping.
mode that could be expected in the final cavities. Low-power The lowest TE mode (TE I-like), is visible, as are the
mock-ups of the waveguide loads were made using ferrite TMoi i-like longitudinal mode (the strongest monopole
powder in epoxy, cast into long tapered wedges. The load HOM), at about 770 MHz, and the TMI jo-like deflecting
material was placed at the edges of the waveguides at least 36 (dipole) mode, at about 795 MHz. Figure 3 shows the same
inches from the cavity, as would be the case in a high-power frequency span with the three damping waveguides attached.
design, to avoid coupling to the evanescent fundamental mode. The fundamental mode is still strong while the HOMs are

substantially damped. By changing the azimuthal position of
IH. MEASUREMENTS the probes around the edges of the beam-pipes it is possible to

enhance or reject the dipole modes relative to the monopole
The cavity was excited with small electric-field antennas modes, and thereby measure the loaded Q's of overlapping

inserted into the beam pipes and a Hewlett-Packard 8510C monopole and dipole modes. It is also possible to discriminate
network analyzer was used to measure the transmission between the two orientations of the dipole modes when there is
response (S21) between them. With all the apertures plugged a strong perturbation to the cavity such as the addition of the
or sealed, approximately flush with the cavity surface, the loop coupler.
undamped modes of the cavity were seen as distinct peaks. The Figure 4 shows more of the HOMs, between 900 MHz
resonant frequencies were very close to those predicted by and 1.4 GHz, without any damping. The monopole and dipole
URMEL allowing easy identification of the modes. modes are labeled. Figure 5 shows the same span with the
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Figure 2. Fundamental mode and first three higher order Figure 4. Higher order modes in the LPTC without
modes in the LPTC without damping. damping, 0.9-1.4 GHz.
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Figure 3. Fundamental mode and frst higher order modes Figure 5. Higher order modes in the LPTC with three
in the LPTC with three damping waveguides. damping waveguides, 0.9-1.4 Gtiz.
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three damping waveguides. Still visible are the TM020-like is expected to show similar results for transverse beam motion
monopole mode at about 1016 MHz, the TMo02-like mode at since the deflecting impedances measured in the test cavity are
about 1296 MHz and the dipole mode at 1313 MHz. The reduced to the order of the resistive wall impedance.
residual impedances of these modes are within the capabilities
of the feedback system. The results are similar for all the V. CONTINUING R&D
higher frequency HOMs up to the beam-pipe cut off. The
residual impedances are shown in table 2 for the longitudinal Studies of the low-power test model are continuing, in
modes and table 3 for the deflecting modes. A more detailed particular to evaluate the effects of the loop coupler which may
account of the results is available [7]. provide additional damping for some of the HOMs. The

automated bead-puller is being used to measure the field
Table 2 profiles of the modes and hence the R/Q' s, and to study the

Calculated and measured properties of Ion itudinal modes perturbations introduced by the various ports. The PEP-I1
Mode URMEL Calc Fo[ R/Q Meas FL Meas RnL R&D effort is now also focusing on building a high-power

name (MHz) IQ) MHz) L M1) test model to prove that such a design can be conditioned and
TMoio 0-EE-1 489.6 108.8 484 *31926 3472 powered with up to 150 kW wall dissipation. High-power
TMoi0 0-ME-1 769.8 44.97 758 28 1.26 versions of the HOM loads are also being developed.
TMo2o O-EE-2 1015.4 0.006 1016 246 0.001

0-EE-3 1291.0 7.68 no longer visible VI. CONCLUSIONS
TM021 0-ME-2 1295.6 6.57 1296 907 5.96

0-EE4 1585.5 5.06 1588 178 0.90 The low-power test model has shown that it is possible to
0-ME-3 1711.6 4.75 no longer visible achieve the HOM impedance reduction required for PEP-I1 with
0-EE-5 1821.9 0.06 1821 295 0.018 the broad-band waveguide damping scheme. The worst HOMs
0-ME4 1891.0 1.68 no longer visible have been damped by more than three orders of magnitude and
0-EE-6 2103.4 3.52 2109 233 0.82 he bended by more th the orders oague and
0-ME-5 2161.8 0.02 2168 201 0.004 the loaded Q's agree well with the calculated values reported
O-EE-7 2252.2 1.21 2253 500 0.61 previously. The detailed design of a high-power test cavity is

*note that model does not test ultimate fundamental-mode Q well under way.

Table 3 VII. ACKNOWLEDGMENTS
Calculated and measured .rties of transverse modes

Mode JRMEr lCalc Fo R/Q(kr) Meas UMeas RL* Although all the measurements were performed in the
type~ /nm (Hz) I (fL) /(MHz) (klm) Lambertson Beam Electrodynamics Laboratory of the Center

T name 1 ME 9 2o i for Beam Physics at LBL, the design of the cavity has been
TMI o I-EE-1 795.5 15.263 779 122 1.86 very much a collaborative effort with the other participants in

1-ME-2 1064.8 27.590 no longer visible the PEP-IT project. Thanks are due John Byrd at LBL for

I-EE-2 1133.2 0.243 1141 112 0.65 running the machine simulations.
1-ME-3 1208.2 0.258 1203 1588 10.3
I-EE-3 1313.2 5.861 1311 498 80.1 VIII. REFERENCES
1-ME-4 1429.0 2.873 1435 3955 341
1-EE-4 1541.0 0.850 1554 59 1.62 [1] "Reports at the 1986 Stanford Linac Conference.,
I-EE-5 1586.2 2.045 1588 178 12.1 Stanford, USA, June 2-6 1986," DESY M-86-07, June 86
1-EE-6 1674.2 5.140 1674 2134 385 [21 D. A. Goldberg, R. A. Rimmer, "Automated Bead-
1-ME-5 1704.4 0.096 1704 444 1.52 Positioning System for Measuring Impedances of RF

SII-ME-6 1761.9 0.104 1757 17129 1 27.3 Cavity Modes", this conference.
* RjL=R/Q/(kr 2 )x QL, where r in the beam pipe radius [3] H. Schwarz et. al., "Design of a High-Power Test Model

IV. MACHINE SIMULATIONS of the PEP-II RF Cavity", this conference.
[41 "An Asymmetric B-Factory based on PEP," Conceptual

Design Report, LBL PUB-5303, SLAC 372
A simulation code has been used to study the growth rates [5] R. Rimmer et. al., "An RF Cavity for the B-Factory",

of the longitudinal coupled-bunch instabilities that would be Proc. PAC, San Francisco, May 6th-9th, 1991, pp819-21.
driven in PEP-TI by the cavity impedances. The code includes a [6] R. Rimmer et. al., "Higher Order Mode Damping Studies
model of the beam dynamics, all of the residual HOM driving on the PEP-I1 B-Factory RF Cavity", Proc. 1992 Europ.
impedances from the cavities and a model of the proposed Part. Accel. Conf., Berlin, Germany, March 24-28. 1992,
broad-band feedback system. Running the simulation for the pp 1289-1291.
longitudinal modes shows that the beam remains stable and [7] R. A. Rimmer, "RF Cavity Development for the PEP-TI
that the large single-bunch transients that occur during B Factory", Proc. Int. Workshop on B-Factories,
injection are quickly damped down. BFWS92, KEK, Japan, Nov. 17-20, 1992, (PEP-TI ME

A transverse simulation program is being developed which note 2-93, LBL-33360, ESG-242).
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NON LINEAR EFFECTS IN FERRITE TUNED CAVITIES

Y. Goren. N.K. Mahale, L. Walling, T Enegren. G. Hulsey
Superconducting Super Collider Laboratory"

2550 Beckleymeade Ave., MS-4010, Dallas. TX 75237
V.P.. Yakovlev, V.M. Petrov

Budker Institute for Nuclear Physics Russia

Abstract tion to analyze the dependence of the frequency and
resonance shape on the if power level. Section three

The phenomenon of dependence of the resonance compares the analytical and experimental results.
shape and frequency on the RF power level in per- The analytical expression fits well with the
pendicular biased ferrite-tuned cavities has been observed data. Using this comparison we will try to
observed by G. Hulsey and C. Friedrichs in the the estimate the nonlinear effects expected in the LEB
SSC test cavity experiment. This paper p resents a and we conclude with a short summary.
theoretical as well as numerical analysis of this phe-nomenon and compares the results with experimen- nI. PERMEABILITY DEPENDENCE ON RF

tal data. The effect of this nonlinearity on the SSC FIELD AMPLITUDE
low energy booster prototype cavity is discussed.

I. INTRODUCTION Neglecting dissipation effects the equation of
1. NTRDUTIO Neletiong disseriptionmagnectsi heeqation ofgienb

The tuning of the rf cavities in the SSC Low Energy motion for the ferrite magnetization is given by

Booster (LEB) and in the TRIUMF Kaon factory is
done using Perpendicular-Biased yttrium-garnet
Femtes (PBF) [1],[2]. In this configuration the rf where y is the gyromagnetic ratio, which is about
magnetic field inside the ferrite is perpendicular to
the bias magnetic field. The main advantage of the 2.8 MHz/Gauss for most materials. In HE. (1)PBF configuration over the more conventional par- $L0 is the permeability of free space and Ieft is

ec-nigurdaNi-on overrt s the morer convtionable par- the effective magnetic field at the magnetization
allel-biased Ni-Zn ferrtes is the higher achievable location at time t. To make the analysis tractable
magnetic quality value (Qm) , which in turn allows loeation (1 in the artesis tratefor higher energy densities and gap voltages. The we solve equation (1) in the Cartesian coordinate
main limitations to even higher gap voltages are t system. We define the external bias field H0 to be

mainlimtatonsto venhiger ap oltgesarethe in the z direction and the perpendicular if field, H1.f
magnetic losses and nonlinear phenomena. The cos(wt), in the y direction. Neglecting also the dif-
phenomenon of dependence of the resonance shape ference between dhe external and the effective mag-
and frequency on the rf power level in PBF cavities netic fields, the three components of equation (1)
has been observed by G. Hulsey and C. Friedrichs ne
in the the SSC test cavity experiment [3]. This a
paper analyzes this nonlineanty and correlates it dMx/dt = -My coo + Mz•Q(t) (2a)
with the dependence of the permeability on the ratio
of rf field to bias magnetic field amplitudes. dMy/dt Mx wo (2b)

The paper is divided into five sections. The first
section analyzes the permeability dependence on dMjdt ---Mx 2(t) (2c)
the rf field amplitude. The analysis is carried out in
the quasi-static approximation due to the small
ratio, in our experiment, of the rf drive frequency where wo and Q are defined by
to the biased field gyro-frequency. This nonlinear
term in the permeability is used in the second sec-

tOperated by the University Research (3)
Association, Inc..for the U.S. Department of
Energy under contract No. DE-AC35-89ER4048( •(t) = f cos(wt) = y Po Hff cos~nt)
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Eqs. (2a)-(2c) are nonlinear equations for the fer- shift is
rite magnetization vector which preserve its mag- 3 12(L)(9
nitude M0  A*(L)r = 3/16 (9)

M0o= M -+ My2 + MZy (4) where h is the magnetic field ampliwude satisfying
The general solution to eqs.(2a)-(2c) is a Fourier the following equation
sum on all the harmonics of the drive frequency o,. 2
We shall limit the present analysis to the fundamen- 12 2 CO2 1 (10)
tal frequency only. Assume an exponential temporal 4co2 (cor + A Or - r) 2 + /(16Q 2)
behavior of the magnetization vector components
Mx My in Eqs.(2a) (2b) and making use of Eq. (4) Equation (9) describes a second order dependence
we obtain the following expression for the of the the frequency shift on the ff amplitude which
permeabilty is directly related to the gap voltage V It also

MMH 2  shows an inverse dependence of the sAfft on the
= 1 -) A0 1 (5 third power of the bias magnetic field. The nonln-A~ = 90o+ He 02 -8 H 35 ear resonance shape is described 'i Eq. (10).

2
where we neglect terms of Ie order 02o 2/0)0 4" /

The permeability in Eq. (5) decreases with increas- 10 • experiment

ing if field amplitude, causing a frequency upshift - .
in ferrite tuned cavities.

llH. FREQUENCY AND AMPLITUDE 6-
DEPENDENCE ON RF FIELD

To estimate the resonance frequency shift and 4-

amplitude distortion as a result of the permeability
dependence on the rf field we shall follow Slater's 2-
analysis [4]. We assume that the rf fields near reso-
nance can be described by 0

0 10 20 30 40 50 50
E = V(t) Er(x) (6 gap voltage (Ko)(6) at,,(v

H - I(t) Hr(x) Figure 1. Frequency shift vs. maximum gap voltage
1b- 105 A

where Er and Hr are the resonance eigenfunctions
for the eigenvalue (or Substituting eq. (6) in Max- IV. COMPARISON OF ANALYTICAL
well's equations we end with the following equation
for the current I(t) in the cavity Figure (1) plots the frequency shift vs. cavity gap

voltage for 105 A bias current. The stars are the
D = Orl (1+30I2/2) +Wr2Q i +* '- 3P 2 (7) experimental points and the continuous curve is a

fit of the form
where D is a drive function, Q is the cavity quality ff/fth.om10-1 4 V 2
value and P is defined by All f = 7.0x gap (11)

P - ;O M0/H'03 T d3x Hr4 /Wm (8) where V is in volts. An excellent fit with exper-
imental &fa%& is observed. To numerically estimate

The above integral is evaluated over the tuner the coefficient of proportionality between the fre-
volume and Wm is defined by quency shift and the gap voltage we used the 3D

electromagneti code HFSS. We end up with the
W = d3x o (I+MU/H0 ) Hr2 value 1.7 10-14 fýr, this particular biasing (about

four times lower than the experimental result). The
Assuming a periodicdrive function of the form discrepancy can be attributed to the sensitivity of

D = D cos((Ot) this coefficient on the voltage transformation ratio
n Eq. (7) and following Landau and Lifshitz between tuner to gap. Also a very good fit has been
analysis [5], we find that the resonance frequency observed in the dependence of the frequency shift
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on bias magnetic field using the same correction
factor. V. SUMMARY

Figure (2) presents the gap voltage dependence
on frequency for various tetrode current drives A theoretical analysis of the dependence of the
using Eq. (10) with the transformation of I to V ap. resonance frequency on rf power level in PBF cavi-
A resonance shift as well as resonance distoriaon ties is presented. A good fiL with experimental data
with increase drive is observed, is obtained. A correction factor of 4.12 is needed to

fit the numerical results with experiment. The

50- results of this analysis has been used to predict a
maximum frequency shift of 23.6 KHz in the LEB
cavity.

40-

VI. REFERENCES

4-30- [1] L.M. Early, G.P. Lawrence, J.P. Potter. IEEE
"Trans. Nucl. Sci. NS-30 3511, (1983)

-0 [21 W.R. Smith et. al. IEEE Trans. Nucl. Sci.
,,20- NS-32 2951, (1985)
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Figure 2. Gap voltage vs. frequency for various drives

Figure (3) presents two oscilloscope traces of the
gap voltage vs. frequency. The symmetric case
relates to maximum gap voltage of 7 kV and the
asymmetric one to 70 kV. The traces can be
described very well with Eq. (10) using the fre-
quency shift of Eq. (9).

Figure 3. Oscilloscope traces for gap voltages of 7 and
70 kV

Making use of the theory presented in sections
H and Ifl together with the experimental correction
factor we estimated the frequency shift expected in
the LEB. A maximum shift of 23.6 KHz is
expected at 50 MHz for about 100 kV gap ioltage.
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EDDY CURRENT ANALYSIS FOR THE SSC LOW ENERGY BOOSTER
CAVITY

Y. Goren, L. Walling, F Brandeberry, N. Spayd
Superconducting Super Collider Laboratoryt

2550 Beckleymeade Ave., MS-4010, Dallas, TX 75237

Abstract treatment of the eddy currents developed in an infi-
nitely long metallic cylindrical shell. We show that,

One of the most important aspects of the SSC contrary to the widely held belief that the penetra-
Low Energy Booster (LEB) cavity design is con- tion of magnetic field into metals can be described in
trol of the eddy currents developed in the tuner terms of only the skin depth, in our case the relevant
during the frequency sweep. The two main diffi-
culties created by the eddy currents are excessive parameter is the square of the skin depth divided by
tuner surface heating, and more important, a the shell radius. Next we present a numerical analy-
reduction in the time response of the tuner. We sis of a closed shell tuner made out of Ti-6AI-4V
present a detailed analysis of the eddy currents for alloy which has a high electrical resistivity as well
various tuner designs. The analysis has been done as very good mechanical strength. This alloy yields
using 2D and 3D time-domain finite element a substantial reduction in eddy currents and more
codes (PE2D by Vector-Field and EMAS by than an order of magnitude increase in frequency
MSC). Nonlinear analysis was performed utilizing bandwidth compared with a copper tuner. Finally
B-H curves. The codes have been benchmarked we show a numerical analysis of a slotted tuner
analytically and by using measured data for differ- design. It shows that contrary to another widely held
ent slotted pillbox structures. belief that eddy current problems can be analyzed by

the quasi-stationary approximation, that the rate of
I. INTRODUCTION penetration of the magnetic field into the tuner

through the slots depends on the displacement cur-
The SSCL LEB cavity is designed for a fre- rents across the slots.

quency sweep from 47.5 to 59.8 MHz in about
20 msec. The frequency sweep is achieved by II. EDDY CURRENTS IN A METALLIC
varying a biasing magnetic field perpendicular to SHELL
the r.f. magnetic field. One of the most important
aspects of the design is control of the eddy cur- First we review the results of a long thin metallic
rents in the tuner. The two main difficulties created Finside a ton rsoleno f a1long The gmetrylic
by the eddy currents are excessive tuner surface shell inside a long solenoid [1],[2]. The geometry of
heating, and more important, a reduction in the this setup is described in Figure 1.
response time of the tuner to a triggered control
signal. The eddy currents created on the tuner
metallic surface can be reduced in two ways. First, R2
one can slot the surface which increases the path
length, or equivalently, increases the material elec-
tric resistivity. The second approach, of using a
closed shell tuner with high resistive alloy, is D R
more mechanically suited to the LEB cavity if the
ferrites are hquid-cooled. This structure has the
electrical disadvantage of reducing the frequency
response bandwidth to about 150 Hz for the avail- 1ii metallic snell
able resistive alloys. A slotted tuner is mechani-
cally more complex but has a frequency response
bandwidth in excess of 2000 4Igl

This paper presents the results of an analytical figure 1. Infinitely long metallic shell in solenoidalmagneuic field

"tOperated by the University Research
Association, Inc., for the U.S. Department of
Energy under contract No. DE-AC35-89ER40486
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The axial magnetic field in region I is given by •.

Bz(t) = . A•cs exp(-bst) f exp(6s-)J(-c)dt S o
(1) : 0o•,0I

300 000

and the eddy current in the metallic shell is

(eddy = -J Ac[As+Ac/As~ s exp(-bst) f exp(6s-t)J(-c)
( 0.01 0.02 0.03 0.04 o.05 006 o07 0.06

The results in Eqs. (1) and (2) have been obtained figure 2. Eddy current in Titanium tuner
assuming a spatially constant current density drive
J. The parameter 6s is defined by In comparison, the maximum eddy current for a

copper tuner is about 2700 amp/cm [2]. The therm J
power, averaged over a cycle, is about 0.18 w/cm-

6s = 2/(g.ac0sR1) (3) which can be handled by the tuner internal coolant.
The analysis of the tuner frequency response is

where a0 is the shell conductivity. The parameter done numerically by sending a small ac magnetic
8, in Eq. (3) measures the inverse of the magnetic signal on top of the dc biased field. We find that the
diffusion time through the metallic shell. A tuner frequency response varied across the tuner cross
design with low eddy currents and fast magnetic section with the minimum bandwidth at the bottom
time response will be characterized by the inequal- of the ferrites. The magnetic field vs. frequency at
ity 8s Tch >> 1 where Tch is the characteristic time this location is shown in Fig 3.
scale of the drive current J. Th10 Ti-6A1-4V alloy,
with conductivity of 5.8 x 10' s/m, reduces the
eddy-current heating to an acceptable level.

The cavity if frequency program is achieved by
biasing the ferrite. The relationship between the
biasing magnetic field to the current drive deter-
mines the cavity response to a control signal. It is J

common to quantify the response in the frequency
domain by its 3dB bandwidth. Fourier decomposing
Eq. (1) we obtain the following expression for the 3
dB frequency bandwidth: - , !

Af = 1 / (it I. a 0 AS R1) (4) figure 3. Frequency response of Titanium tuner
For a 5 mm thick titanium alloy shell, this translates It can be seen from the figure that the 3 dB band-
into a bandwidth of 292 Hz about two orders of width is about 140 Hz (considerably lower than the
magninto de a gbandw than fof z abt tope orel. o 292 Hz expected from an infinitely long metallic

shell). The discrepancy corresponds to the rela-

tively slow magnetic penetration through the side
[II. NUMERICAL ANALYSIS OF A walls of the tuner. We confirmed the above results

CLOSED SHELL TUNER by benchmarking the code using measured data of
magnetic field at various locations inside a closed

Using the analytical results above as a guide, we stainless steel can. The narrow frequency response
Usim e the cbandwidth led us to abandon the closed shell tuner

simulated the closed shell LEB tuner using 2D and and design a slotted tuner instead.
3D electromagnetic codes which allow materials
with a non-linear B - H curve. The maximum eddy
current is developed at the top of the tuner close to IV. NUMERICAL DESIGN OF A SLOT-
the external magnetic coil. Fig. 2 describes the mag- TED SHELL TUNER
nitude of the eddy current at this point as functio
of time. The maximum eddy current of 60 amp/cm The analysis of the closed shell tuner in the last
is obtained at 17 msec from the beginning of the section was performed using the quasi-static
cycle. Similar results were obtained using Eq. (2). approximation which neglects the displacement
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current in Maxwell's equations. Using this approxi- tions of two LEB tuner designs. The surface heating
mation for the 3D problem of slotted tuner yielded a due to the eddy currents are controlled in both
false solution in which the slots had a very small schemes. The magnetic field frequency response of
effect on the rate of magnetic penetration into the the closed shell tuner is only marginally acceptable.
tuner. The need for the displacement currents is This lead to the slotted tuner design, which is
illustrated in Fig 4. mechanically more complex, but has the wide band-

width required for the control system.

- 14

figure 4. Eddy currents around a slot

As the eddy currents approach the slot discontinuity 0 1
they charge its surface. The charges create electric 0 200 400 600 800 1000
field which oppose the small internal field in the Frequency (Hz)
metal and force the currents to change direction and figure 6. Phase of magnetic frequency response
bypass the slot [3]. We confirmed this assumption
by comparing the numerical simulation with mea-
sured results for a stainless steel can with various
numbers of slots. Encouraged by these benchmark
results, we designed a slotted LEB tuner. The tuner
is made out of 3-mm-thick stainless steel with 16 5-
mm radial slots. The slots are filled with G10 com-
pound (dielectric material) to contain the coolant.
The magnetic frequency response of this tuner is
shown in Figs 5 and 6. The response function
decrease slowly with frequency with a 3 dB band-
width which exceeds 2000 Hz.

0

"N -1.o0 ",

0-1.5 /

-2.0-
X

e -2.5-

-3.0
0 200 400 600 800 1000 figure 7. LEB tuner design

Frequency (Hz)
figure 5. Magnitude of magnetic frequency VI. REFERENCES
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VOLTAGE COUNTER-PHASING IN THE SSC LOW ENERGY BOOSTER

Y. Goren
Superconducting Super Collider Laboratoryt
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T.F. Wang

Los Alamos National Laboratory, AT-7 MS-H829
Los Alamos, NM 87545

Abstract available power in our tetrodes.

Operating the SSC low energy booster (LEB) in a The paper is divided into three sections. The first
counterphasing mode is necessary because the low
total ring voltage (25 kV) required at injection for section is a short description of the model used in
adiabatic beam capture would otherwise result in this analysis. The second makes use of the equations
cavity multipacting. Each cavity requires greater discribed in the first section to estimate the power
than 15 kV gap voltage (there are eight single-gap and phase requirements during the adiabatic capture
cavities in the LEB) to be free of multipacting. period. The paper is concluded with a short sum-
The analysis of the cavities' behavior in this mode mary.
and under time-varying beam loading is presented.
It is shown that fast feedback loops with moderate II. CAVITIES-BEAM MODEL WITH RF
gain are necessary to operate with the available
tetrode power. The Robinson instability and the FEEDBACK
required power and phase histories are discussed.

We adopt throughout the paper the equivalent cir-
I. INTRODUCTION cuit model for the cavities-beam system. The model

During the adiabatic capturing phase in the S for a single cavity with its rf feedback is shown in
LEBrthe totl aifvlagc cpuneeds toabe low d toe 2C fig. (1). The cavity is represented by a parallel RLC

LEB the total rf voltage needs to be lowered to 25 circuit with tunable inductor. The beam is modeled
kV to achieve the desired capture efficiency [1]. as a current generator with a given Ib(t) shape.
Testings on similar cavity designs developed at
Los Alamos and TRIUMF had found multipacting Y.
problems when the cavity voltage went below 20
kV. Recently experiments with the LEB prototype + 13
cavity indicate that multipacting starts at voltages I •
below 10 kV. Either way with the present design v;() R, P C C L b
of 8 to 10 cavities it will be impossible to achieve the
low total voltage with all cavities in phase. A solution Vo __ ,_v _

would be to counterphase the cavities, i.e., to operate a
set of cavities in an acceleration mode while operating figure 1. circuit model of LEB cavity with rf feed-
another set in deceleration mode. Certain constraints back
are imposed on the cavities to follow the total voltage
program. These constraints together with the Robinson Assuming fast rf feedback and using Kirchhoff's
stability requirement [2] enforce us to operate the cavi- law, the cavity voltage V satisfies the following dif-
ties above the minimum power condition. We will ferential equation
show that operating the cavities with a moderate rf
feedback would reduce the power requirements consid-
erably as well as the rate of phase sweeping. Moreover d2 V+ A dV
we will show that there is a critical feedback gain and dr2 dt ÷ (21 )
below this gain no counterphasing is possible with the

tOperated by the University Research where A= or/2QL -2/. dodt
Association. Inc.,for the U.S. Department of w = "2d
Energy under contract No. DE-AC35-89ER40486 B= /2 1IQL dO3r/dt

D=r/2Q0 (4Rs dV1 /dt + Rsdlb/dt) -
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1/Q0 dOr/dt Rs(ýVi + lb) counter-phase angle 0. These equations together
and we define with the voltage and current programs will be used

O.=1 1/LC in the next section to solve the various rf parame-
Qor/(2CRs) (2) ters. The Robinson stability criteria for this model is

QL--'QD/I+H)given by

H =pRs (1. + H)Vt sin()) / {Rs Ib sin(2W) I > 1 (6)
Assuming a solution of the form (see fig. (2) for the various angles).

V = V(t) exp(-if no(t)dt) (3) III. POWER AND PHASE REQUIREMENTS

with the same behavior for Ib and Vi and neglect- The voltage program expected for the LEB is
l Qshown in fig. (3) where we plot the voltage for twoirlg" lower order terms like dco/dt << (or o)/Q and

dLV/dt2 << (o dV/dt , we obtain the following cavities out of assumed 8 operating ones. The rf
equation for the cavity voltage under beam loading current program is shown in fig. (4) where we con-
and rf feedback: sider operation in the test beam mode.

(2QOZi/RS(Or)dV/dt + V = ZLýVi + ZLIb (4) if

35-
The bar has been omitted from the amplitudes of
the voltage, the drive voltage and the beam current. 3o-
The complex impedance ZL in Eq. (4) is defined by 25-

ZL = RS/( +H)/{ 1 - iQL@(OJ/or- COrC) 1 (5) "2()

Eq. (4) is a complex equation which determines the 0
cavity voltage and phase (with respect to the beam)
for a given input complex voltage Vi and current Ib. 10-
In most of the cases the first term in Eq. (4) can be 5-

neglected and we obtain an algebraic equation. In
the case of two cavities with a given total voltage 0 ,
and phase, the degrees of freedom exceeds the num- 0 50 too 150 200

ber of equations and there is no unique solution. In time (,,cro-sec.)

this case the problem can be simplified. We assume figure 3. the voltage program for two cavities
the following: a) The cavities are operated with the
minimum safe voltage to avoid multipacting, equal
detuning phase, and b) symmetric counter-phasing ',,

where the angles between the input generator volt-
ages, and the beam for the two cavities relates by
180b. The phasor diagram for the symmetric
counter-phasing is shown in fig. (2).

00

V grl

time (micro-sec.)
Vgr2 figure 4. the current program

Vt

figure 2. phsor diagram for symmetric counter- The small synchrotron oscillations in the current
phasing 100 l.tsec. after injection have been neglected.

Using the equations described in section II we
draw in fig. (5) the required generator power for the

Under these assumptions we end up with four equa- accelerating cavity Pa and the decelerating cavity
tions for the four unknowns: the two input volt- Pd for Pedersen feedback parameter H=6.3 [3]. It
ages Vi1 and Vi21 the detuning angle Wt, and the can be seen that the maximum power required from
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the accelerating cavity generator does not exceed 20 30-

kW and less than 5 kW is required from the deceler-
ating cavity. 25-

25-
20-

0.

20- Pa
po *15-

S15- 10-

0 5-

0-1
5- 0 50 I00 150 200

time (micro-sec.)

figure 7. detuning angle (H=6.3)
0 50 100 150 200

time (micro-sec.) 14-

figure 5. generators power (H=6.3) 12-

In comparison the required powers for the acceler- 1o-

ating and decelerating cavities without rf feedback 8-

are 450 kW and 170 kW, respectively, beyond the
power delivered by the tetrodes. Fig. (6) describes 6
the required sweep in the counter-phase angle for
this feedback level. A maximum rate of 0.3 degress 4-

per micro-second is needed.
2-

60-

50- 80 100 120 140 160 I1O 200

time (micro-sec.)

S40- figure 8. Robinson stability

Sso- IV. SUMMARY

20- We have examined the rf counter-phasing during the
adiabatic capturing period in the LEB. Our results indi-

10- cate that counter-phasing with moderate gain of rf feed-
back is necessary to operate within the available power
limits.

0 - I I I

0 50 100 150 200
tui• (micro-.ec.)

figure 6. counter-phasing angle (H---6.3) V. REFERENCES
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ficulty. The Robinson stability criteria given in Eq. Vol. NS-32, p. 2138 (1985)
(6) for H=6.3 is presented in fig. (8). It can be seen
that through all the adiabatic capturing phase the
two cavity system is in a stable state.
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Abstract a new cavity. A complete description of the HPP experiments
Two 3 GHz, nine-cell niobium accelerator structures have can be found in the Ph.D. dissertation associated with this

been fabricated and tested multiple times. An unambiguous work.[41
improvement in cavity performance can be shown due to High H. OVERVIEW OF NINE-CELL RESULTS
Peak Power (HPP) RF processing of the cavities. The average In this paper, we will show that HPP is successful in im-
achieved accelerating gradient prior to HPP processing was provement of low power, continuous wave (CW) behavior of
E,, = 12 MV/m, (Standard Deviation = 3 MV/m). The aver- the nine-cell cavities. To support this conclusion, we report
age maximum accelerating gradient following all HPP pro- on investigation of cavity performance before and after HPP
cessing was E.ý, = 17 MV/m, (Standard Deviation = 2 processing, as well as correlation of the improvements with
MV/m). Gains in cavity performance can be directly correlated the characteristics of HPP processing.
with magnitude of field reached during pulsed HPP processing. Figure 1 is a histogram comparison of attainable CW ac-
Durability of processing gains has been tested by exposing celerating gradient, before and after HPP processing. HPP
processed cavities to filtered air, at room temperature, and un- processing improved the mean attainable gradient from 12
filtered air, under both room temperature and cryogenic condi- MV/m to 17 MV/m, an increase of 41
tions. Filtered air had no discernable effect on cavity
performance. Unfiltered air degraded cavity performance, 3060593-096
through increased emission, however much of the cavity per- 6 0- E Before HPP N After HPP
formance could be regained through further RF processing. 5

I. INTRODUCTION 4

Superconducting Radio-frequency (SRF) cavities are a pro- 3

mising technology for construction of the next generation of '8 2

electron-positron colliders. In order for SRF to become a vi- I 1

able method for construction of these machines, however, at- 0 0

tainable accelerating gradients must be increased from the 5-10 M CW 8 (MV/in)

MV/m attained in present SRF accelerators to 25-30 MV/m.111  Maximum CW E,. (MV/m)

Field emission (FE) of electrons from the RF surface has been Figure 1. Histogram plot of maximum achieved CW accel-
the primary limitaion to SRF cavities for the last five to ten erating gradient, before and after HPP processing. Without
years. HPP, <E,,> = 11.9 MV/m (s.d. = 3.4 MV/m). With HPP,

The HPP experiment was designed to explore the benefits <E,,,> = 17.0 MV/m (s.d. = 2.1 MV/m).
of high power pulsed radio-frequency (RF) processing as a Figure 2 is a histogram comparison of X-ray detection
means of reducing FE loading in 3 GHz niobium accelerator threshold gradient, before and after HPP processing. X-rays
cavities. RF processing is a method of cavity conditioning, are produced when emitted electrons impact elsewhere on the
where the cavity is exposed to high RF fields in the absence of cavity surface. The onset of X-rays is a reproducible method
a particle beam. The HPP apparatus can deliver up to 200 kW of detecting the onset of FE. HPP processing improved the
peak power for millisecond pulse lengths during processing.

Early results with HPP (presented previously21.[31) showed 3060593-097
significant reduction in FE loading in single-cell cavities. It is 6 [70 Before HPP 0 After HPP
also important to verify that the HPP technique can success- 5 5
fully reduce FE loading in multi-cell structures as well as it 4
does in single cavities. Two nine-cell cavities were construct- • 3
ed and tested several times each. Between successive tests on a '` 2
cavity, an acid etch was performed, removing approximately I
10 microns from the RF surface. Past studies lead us to H 0
believe that retesting following etching is equivalent to testing z 0-4 4-8 8-12 12-16

X-Ray Threshold E.,, (MV/m)
Supported by the NSF with supplementary support from the U.S.-
Japan collaboration. Figure 2. Histogram plot of X-ray threshold accelerating
t Permanent Address: Fermilab. Batavia, IL USA. gradient, before and after HPP processing. Without HPP,
t Permanent Address: DESY, 85 Notkestrasse, 2000 Hamburg 52, <E,,c> = 7.5 MV/rn (s.d. = 1.3 MV/m). With HPP, <E,,>
Germany. = 12.4 MV/m (s.d. = 1.3 MV/m).

886



X-ray threshold gradient from 7.5 MV/m to 12.4 MV/m, an 3060593-099
increase of 65%. 25

Figure 3 shows a composite plot of the Qo vs Ea.c plots U 20aU
of the best six experiments with nine-cell cavities. When the 20

FE threshold is exceeded in a cavity, the dissipated power 2 15 _
grows exponentially with increasing electric fields, causing the 1
severe drop in Qo, as shown in Figure 3. 10 0 2 0

HI. ANALYSIS 5
Given the success in improving CW behavior of the nine- 0

cell cavities, we would like to characterize the success with re- 0 10 20 30 40 50 60 70
lation to the terms of the HPP parameters. A clear correlation Maximum Elpp (MV/m)
can be shown between the electric field reached during HPP Figure 4. Maximum attained CW E plotted as a function
processing (Epp) and the subsequent CW cavity performance. of maximum surface electric field during HPP processing.
Figure 4 is a plot of maximum attained field as a function of 3060593-100

16 3060593-100
30091-9............. ,.... I.... ,.....,.... i.... ia....3060593-098 $

0 5 10 15 20 12 6

10 >10° 8 0

109 E I

L..............................(....'.........
1010 I 0 10 20 30 40 50 60 70

0 FMaximum Epp (MV//m)
0 Figure S. CW FE loading threshold Ea. plotted as a func-

109 tion of maximum surface electric field during HPP processing.

EHPp. Figure 5 is a plot of X-ray threshold as a function of
10 EHPp. In these plots we see that increasing EjIpp generally

leads to reduced FE, and therefore increased attainable accelerat-Qo [ Y pulse length are adjusted to maximize EjjPP" We additionally
Y Ting gradients. During HPP, the input power, loaded Q, and

:10 T .~~ta
109 .... ... ___.... __ found that in any individual experiment, when EHpp stopped

improving, no further reduction of FE was achieved. Qo val-

1010 ues are estimated to drop as low as 106 during HPP.The current working model for RF processing states that

l [ processing occurs when the electric fields are driven sufficient-9 ly high so as to induce an emission current which is strong

109 enough to cause melting and/or vaporization of the emission
site. This model is supported by the correlation of processing

101 A A success with Elpp. The microscopic effects of RF processing
are more fully investigated in another paper presented at this
conference. 5l (

The primary limitation on EHPP has been determined to be109 thermal breakdown (or quench), where the RF surface of the

10 caity s loallyheated above the critical temperature. It then
10° 1 • " • W • becomes normal conducting. Methods of characterizing and

10s overcoming the quench limit are further discussed in another• • • tq•paper presented at this conference.16 I

109 E .IV. OTHER RESULTS
10 15 20 A. Durability of Processed Cavities

Ec (MV/m) HPP processing is foreseen as a possible method of cavity

Figure 3. Composite Qo vs E., plots of the six best tests preparation for large scale accelerator facilities. In order to
of nine cell cavities. Open symbols show cavity behavior be- show the applicability to this function, it is necessary to learn
fore processing; closed symbols are for after HPP. what care is required for a cavity following processing to
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maintain the HPP induced benefits. To this end, we allowed a 3060593-103
processed nine cell cavity (low field Qo = 1 x 1010, Qo> 1010 Qo 0 AfterAcci "*.dent
for Eacc = 14 MV/m, maximum Eac = 18 MV/m) and cycled Q After Accident
it to room temperature. While at room temperature, the cavity 0 After HPP
was exposed to filtered air (0.3 micron HEPA filter) for 24 1010 000
hours, and then re-evacuated. The cavity was then re-cooled to 00 0
liquid helium temperature, and the FE behavior was measured. 0 0
Figure 6 shows the Qo vs. Ecc plots before and after this ex- 0 0

posure. No significant change in FE loading is seen. 109

This is consistent with the findings of RF processing 0 2 4 6 8 10 12 14 16
studies performed on low frequency, heavy ion accelerator cavi- E.. (MV/m)
ties at Argonne National Laboratory[71, as well as low power Figure 8. Qo vs. Eac plots showing nine-cell cavity behav-
processing of 1.5 GHz cavities at Cornell LNS.SIl ior before from the first vacuum accident.

3060593-101 the experiment was begun. The Qo vs. Ec plots are shown

Q0 in Figure 7. The initial rise of power was characterized by
0 0 0 God very heavy FE, some of which was processable with low1010 o o power. The second curve in Figure 7 is the reproducible Qoo 0 0 vs. E,,,, following all possible low power processing. The

0 cavity was then HPP processed with power as high as 90 kW,
0 Before Room Temp Cycle 0 and fields as high as Ep,.k = 58 MV/m. The HPP processing

and Filtered Air Exposure %e was not only successful in reducing the FE loading, but it also
0 After Cycle and Exposure seemingly improved the low field Qo value, possibly through

109 .. . I .... I . . . I . RF removal of resistive contaminants on the cavity surface.
0 5 10 15 The second event to be reported was an intentional test of

Ea-c (MV/m) a vacuum accident. Following the above described test, the
Figure 6. Qo vs. Ec• plots showing nine-cell cavity behav- cavity was cycled to room temperature, re-cooled, and re-tested.
ior before and after a room temperature cycle, with exposure to Then, while the cavity was at liquid helium temperature, the
filtered air. No significant change in FE behavior is meas- cavity interior was exposed to unfiltered atmosphere. The
ured. cavity was then remeasured, showing heavy field emission, as
B. Recovery from Vacuum Accidents well as a low field Qo degradation. Following a room

Vacuum accidents are an ever present danger in accelerator temperature cycle, the cavity was HPP processed, with peak
systems, and the contamination due to such an accident can power up to 105 kW, and fields up to Ept,,k = 42 MV/m.
cause significant degradation of the performance of an accelera- Again, partial recovery was made via HPP processing. All Qo
tor cavity. In this light, we present the results of two expo- vs. Ec curves for this experiment are shown in Figure 8.
sures of nine cell cavities to unfiltered air, one accidental and Based on these results, we conclude that if cavities are
one intentional.t91 It has been established previously that air, damaged by vacuum accidents, the performance may be re-
especially unfiltered air, is a source of field emitters.slll.tI0 gained through HPP RF processing, and sometimes with low

The circumstances of the first accident were: At T = 4.2 power.
K, the cavity was exposed to the vacuum pumps which are V. REFERENCES
used to evacuate the experimental dewar in order to reduce the 1 Proc. of the 1st TESLA Workshop, Cornell University,
temperature to 1.4 K. Following re-evacuation of the cavity, Ithaca, NY, CLNS 90-1029 (1990).

2 J. Graber, et al., Proc. nf the 5th Workshop on RF Super-
S Iniia Ris .. 060593I-I10 conductivity, D.Proch ed., DESY, Hamburg, Germany,

+ Initial Rise DESY M-92-01, 576 (1992).
0 Reproducible CW 3 J. Graber, et al., Proc. of the 1991 Particle Accelerator
0 After HPP Conference, IEEE Cat. No. 91CH3038-7, 2411 (1991).

1010 * * * * * 4 J. Graber, Ph.D. Dissertation, Cornell University (1993).1 +40+ 0 o 5 J. Graber, et al., this conference, poster Sa43.
+. 0 6 J. Graber, et al., this conference, poster Sa44.

+ + 4+"+0 7 K. Shepard, Argonne Nat. Lab., priv. comm.
09 8 Q. S. Shu, et al., IEEE Trans. Mag., MAG-25, 1868

10 .. t...... ... i..... ...... I.. .. (1985).
0 2 4 6 8 10 12 14 16 18 20 9 P. Schmueser, et al., SRF 921117-10 (1992).

E.cc (MV/m) 10 Ph. Niedermann, Ph.D. Thesis No. 2197, U. of Geneva

Figure 7. Qo vs. E.,, plots showing nine-cell cavity behav- (1986).
ior before from the first vacuum accident.
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Abstract the single cell cavities in order to facilitate investigation of the
RF processing of Superconducting accelerating cavities is RF surface, and is the final step performed on a test cavity.

achieved through a change in the electron field emission (FE) II. PHYSICAL EVIDENCE OF RF PROCESSING
characteristics of the RF surface. We have examined the RF Ultimately it is desirable to gather microscopic informa-
surfaces of several single-cell 3 GHz cavities, following RF tion on field emission sites. DC field emission studies[t 5 have
processing, in a Scanning Electron Microscope (SEM). The shown that these are micron or submicron features, for exam-
RF processing sessions included both High Peak Power (P < pie, superficial particles. Even with guidance from thermome-
50 kW) pulsed processing, and low power (< 20 W) continu-ous wave processing. The experimental apparatus also in- try, where the resolution is of the order of a few square
cluded a thermometer array on the cavity outer wall, allowing millimeters, location of such minuscule features after dissec-
temperature maps to characterize the emission before an andafter tion of a cavity presents a significant challenge. Fortunately,

tempratre apsto haraterze he mision efoe ad ateras this study shows, if the emission site processes, or under-
RF processing gains. Multiple sites have been located in cav- goes s t change durin sity pron, or undi-itie whch howd iproemets i caitybehvio du to goes significant change during cavity operation, then the addi-
ities which showed improvements in cavity behavior due to tional features associated with the processing event make itRF processing. Several SEM-located sites can be correlated sbtnilyese olct h ie
with changes in thermometer signals, indicating a direct rela- substantially easier to locate the site.tionhipbetwen he srfae ste ad rducton ~ ~Several sites were found which have both a significant
tionship between the surface site and emission reduction due to thermometry signal, a change in signal after processing, and
RF processing. Information gained from the SEM investiga- ar associated surface feature. One example stands out above
tions and thermometry are used to enhance the theoretical the rest, as the clearest processing event, therefore we will
model of RF processing. expand upon this site here. This site was found in a cavity

I. INTRODUCTION (designated 1-5) which was RF tested specifically with the
The HPP experimental program was initiated in order to goal of limiting the run to one or two processing events.

investigate high power RF processing as a method of reducing More examples of SEM located processing sites, as well as
and understanding field emission in superconducting accelerator other phenomena can be found in references (3] and [61.
cavities. Results of this program have been presented at pre- Figure 1 shows the Qo vs. Ep, plots from the three CW
vious and present Particle Accelerator Conferences.0lt)J21 An power rises of this experiment. The initial CW power rise
extensive description of the entire HPP program can be found was limited by heavy FE at Eptak = 32 MV/m. HPP process-
in the recently completed Ph.D. dissertation associated with ing was then performed with PRF = 2 kW, tRF = 630 psec.
this work.[31  Peak fields during processing reached 49 MV/m. The second

We report here on the effort to characterize the microscop- CW measurement was limited at 34 MV/m, again by heavy
ic effects of RF processing. Surface investigation studies of FE. The second HPP session was performed with PRF = 3.5
the cavities in the HPP program was initiated with the goal of kW, tRF = 630 ltsec. Peak fields during processing reached 54
finding physical evidence of processing on the RF surface. MV/m. In the final CW session, Ep,,, reached 36 MV/m,
We were encouraged by the findings of the Mushroom cavity again limited by FE.
projectd 41 at Cornell, in which a specially designed, nonaccel-
erating cavity was examined in a Scanning Electron Micro- 1010 3060593-104
scope (SEM) following RF cold tests. Multiple phenomena T01. . 1 1 7

were encountered in the high electric field regions of the cav- a 0
ity, indicating a strong link to field emission activity. 0-'• 0

In order to better establish the link between surface fea- QPowe Eet
tures and RF processing, the experimental apparatus included Low Power Event
an array of 100 thermometers placed in ten boards of ten resis- CW Meas. #1 La

tors, spaced at 36 degree intervals around the azimuth of the A CW Meas. #2 ©
cavity. Thermometers such as these have been a common di- 0 0
agnostic tool in SRF work for the last ten years. 0 Iaj

SEM investigation of the cavities involves dissection of 109 0 5 10 15 20 25 30 35

• Supported by the NSF with supplementary support from the Ej.* (MV/m)

U.S.-Japan Collaboration.
t Permanent Address: DESY, 85 Notkestrasse, 2000 Hamburg 52, Figure 1. Qo vs. Epeak curves from low power measure-
Germany. ments on single-cell cavity 1-5.
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'60,- ture along board 8, in the first CW power rise.
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Figure 3. Temperature map measured at Epak = 36 MV/m E20 M mitterement &
in the final CW power rise, following HPP processing. Simulation Emitter Location IN

Figure 2 is a temperature map of the cavity taken during 10 0 "N,"
the first CW measurements, at Ep,, = 32 MV/m. The temp-
erature map shows that the cavity was clearly dominated by a 0 X
single emission site, located near the upper iris of the cavity ---.. II I it
board number 8. Figure 1 shows that, in addition to HPP pro- 4 -3 -2 -1 0 1 2 3 4
cessing, a processing event took place in the initial CW rise S (cm)
of the cavity, marked by the arrow. Inspection of the tempera- Figure 5. Comparison of measured and simulated tempera-
ture maps reveal that this event was accompanied by a reduc- ture along board 8, in the final CW power rise.
tion in the heating at the dominant site shown in Figure 2.

Figure 3 is a temperature map taken during the final CW sites. The method of extracting these values is to vary P3 and
measurement, at Ep,,k = 36 MV/m. Note the reduced scale of A in the simulation to best match the simulated with meas-
the plot. While emission is still present, the site at the upper ured temperature signals on the cavity over several different
iris of board 8 is no longer dominating the cavity behavior, electric field values. The field distribution of the fundamental
The change in heating is attributed to a change in FE charac- mode of a cavity is such that emitted electrons follow
teristics through RF processing. trajectories with no azimuthal change, therefore all heating due

Given the measured change in heating, we then model the to an emission site will be along a single board. S is the dis-
emission heating characteristics, before and after RF process- tance from the cavity equator along the cavity surface.
ing. In order to model the emission heating, we use a simula- Figures 4 and 5 show the measured and simulated tem-
tiont 1l which assumes that the emission current is consistent perature signals along board 8 for the initial and final CW
with the enhanced Fowler-Nordheim (F-N) theory of emission: measurements on cavity 1-5, respectively. Simulation of the

3 - Einitial CW rise assumes the emission source at S = -3.7, p =
=FN= = - expE -I ex (1) 200, and A = 3.2 x 10-9 cm 2. The simulation of the final CW

S 4power rise assumes S = -3.7, p -- 300, and A = I x 10-13 cm2.
where IFv is the FE current, E is the local surface electric field, Given this agreement between measured and simulated
Sis the work function of the metal, C and B are constants and thermometry, the cavity was dissected and put into the SEM,

13 and A are the F-N field enhancement factor and emitter area, for examination in the region indicated as the processed emis-
respectively. The present best model of the enhancement sion site. The examination was successful, as one "starburst"
allows for both geometrical and material mechanisms of field feature was detected. Photographs of this starburst are shown
enhancement. Furthermore, while no definite physical signifi- in Figures 6 and 7. No other surface phenomena were detected
cance can be attributed to P3 or A, they are still useful quan- in a position to eplain the change in emission characteristics.
tities for characterizing the nature of emitters. As with most starbursts, the feature is dominated by a

We therefore wish to extract values of 13 and A in order to darkened (as viewed in the SEM) burst region, with diameter
better understand RF processing and its effect on emission approxiamtely 200 microns. At the center of this starburst are
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Figure 6. SEM photograph of the starburst region found in Cavity
cavity 3C1-5. The starburst and craters are located in a posi-quator

tion to explain the processing event.
Cavity
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Profile Axis

Figure 8. Radial distribution of "Starburst" phenomena
found in all examined single-cell cavities, plotted along with
relative surface electric field.

"TABLE 1: CONTAMINANT ELEMENTS FOUND IN
STARBURSTS IN HPP CAVITIES

Element Starbursts Element Starbursts
Indium 19 Calcium 1

Figure 7. SEM photograph of the central region of Figure In 11 Silicon 1

6. Contaminant materials include Ca, Ti, C, and 0. Copper 4 Oxygen 1

several small (10 microns) crater regions, which appear to Chromium 2 Carbon I
have become molten. The craters are shown in Figure 7. Titanium 2

The working model for RF processing, and the creation of quarter cavity profile. The starbursts are well concentrated in
a starburst is that as fields are increased, the emission current the high field region of the cavity, again supporting the model
increases until the resistive losses become so high that the presented above.
emitter melts/vaporizes. The event appears to be explosive in Finally, in Table 1, we present a listing of the various
nature, as evidenced by the splash appearance of many crater contaminant materials detected in starburst in single-cell cavi-
regions. A more complete description of this model can be ties.
found in references [3] and [6]. III. ACKNOWLEDGMENTS

Examination of X-ray information in the SEM indicate The authors thank Karen Sauer, Will Dickinson, and
that contaminant materials at this site include Calcium, Car- Adam Leibovich for their assistance on the thermometry por-
bon, Oxygen, and Titanium. The crystalline appearing fea- tions of the HPP set-up.
tures are called "etch pits," and are an pitting pheno:,ena
which occur frequently in cavities which are acid etched fol- IV. REFERENCES
lowing high temperature baking. These pits appear through- 1 J. Graber, et al., Proc. of the 1991 Particle Accelerator
out the cavity, and therefore are not thought to be significant Conference, IEEE Cat. No. 91CH3038-7, 2411 (1991).
to cavity behavior. 2 J. Graber, et al., this conference, posters Sa42 and Sa44.

In all, we have examined 6 cavities following HPP pro- 3 J. Graber, Ph.D. Dissertation, Cornell University (1993).
cessing. The general rule we have found is that the higher the 4 D. Moffat, Cornell Report CLNS 90/991 (1990).
fields that the cavity is exposed to, the more starbursts are 5 Ph. Niedermann, Ph.D. Thesis No. 2197, U. of Geneva
found. This is consistent with the model presented above, as (1986).
higher fields are capable of processing more sites. 6 D. Moffat, et al., Proc. of the 5th Workshop on RF

This phenomena is demonstrated more conclusively, by Superconductivity, D.Proch ed., DESY, Hamburg,
examining the radial distribution of starbursts in the cavities. Germany, DESY M-92-01, 245 (1992).
Figure 8 shows such a distribution, superimposed with the 7 Cornell Report CLNS/D 910121/24, W. Hartung ed.
relative electric field as a function of radius and aligned with a (1989).
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Abstract and nine-cell cavitier, using a geometry termed the S3C gc-
A two-cell, 3 GHz, niobium superconducting accelerator ometry. Results of the tests on nine-cell cavities are being

cavity has sustained a continuous wave (CW) accelerating gra- presented in another paper to be presented at this conference.[4]
dient of 34.6 MV/m, with corresponding peak surface electric Success in FE reduction via processing has been directly
electric field of 100 MV/m, record performances in each cate- linked to the magnitude of the electric field attained during
gory for a superconducting accelerator cavity. Field emission processing (EHpp). Furthermore, the attainable EHpp has been
(FE) loading of the cavity initially limited the cavity to E., = shown to be limited by thermal breakdown, the phenomena
21 MV/m (Ep,,a = 60 MV/m). The record field was achieved where the RF surface is locally heated above the critical temp-
by reducing the FE loading through High Peak Power (HPP) erature, initiating the growth of a normal conducting region.
RF processing ,f the cavity. Analysis of previous results of Thermal breakdown limited single-cell cavities to E,,,d = 55
the HPP experimental program indicated that maximum fields MV/m (Hp,,, = 1265 Oe) CW and Ep,,k = 72 MV/m (llpak =
under both pulsed and CW conditions were limited by thermal 1650 Oe) during HPP. Nine-cell cavities reached Epk = 42
breakddown, which is related to the surface magnetic field in MV/m (Hp,. = 840 Oc) CW and Eptk = 62 MV/m (Hp,,k
the cavity. The two-cell cavity shape was chosen to bypass the 1250 Oe) during HPP.
thermal breakdown limitations by reducing the ratio of peak Thermal breakdown is driven by the surface currents
surface magnetic field to peak surface electric field, from a which are required to support the magnetic fields at the RF
value of lp,.d]Ega = 23 Oe/(MV/m) in the previous cavity, surface. We therefore chose to investigate a cavity with a low-
to 14 Oe/(MV/m) in the two-cell cavity. A simple thermal er ratio of Hpe,dEpk. This ratio is determined by the cavity
model accurately simulates the pulsed breakdown. geometry, and can be obtained by numerical solution of Max-

I. INTRODUCTION well's Equations. Several programs exist for this purpose,

A. SRF Cavities e.g. SUPERFISH[5I. The S3C cavities used for the single-celland nine-cell experiments have ItpeaJEp~a& ratios of 23
Niobium Superconducting Radio-frequency (SRF) cavities andMnine-adl2 e erimet respe .

are a promising technology for construction of the next gener-

ation of electron-positron colliders. In order for SRF to be- It. TWO-CELL W3C2-1
come a viable method for construction of these machines, A. Cavity Fabrication and Preparation
however, attainable accelerating gradients must be increased After some investigation of potential cavity shapes, we
from the 5-10 MV/mn attained in present SRF accelerators to chose a two-cell cavity using the geometry of the SRF group
25-30 MV/m.1'] The gradients reached in this work show that at the University of Wuppertal. A larger rounding of the equa-
it is possible to achieve the desired performance for TeV tor region reduces the magnetic to electric field ratio of this
colliders, using HPP to overcome field emission (FE), the cavity, designated W3C2-1, to 1ip,,dEp,k = 14.2 Oe/(MV/m).
major limitation to high gradients. Interatomn GmbH graciously agreed to press the half cells for

The HPP experiment was designed to explore the benefits this cavity (gratis). Final trimming, yttrification (for
of high power pulsed radio-frequency (RF) processing as a purification, and thus higher thermal conductivity), and
means of reducing FE loading in 3 GHz niobium accelerator electron beam welding were performed at Cornell.
cavities. RF processing is a method of cavity conditioning, The initial attempts at testing this cavity were limited by
where the cavity is exposed to high RF fields in the absence of anomolously low thermal breakdown, initially due to insuffi-
a particle beam. The HPP apparatus can deliver up to 200 kW cient surface chemistry then later due to the "Q virus." The
peak power for millisecond pulse lengths during processing. final preparation prior to the successful test was a 2 hour bake
An in depth description of all results of the HPP experiments at 900' C to eliminate the hydrogen contamination which has
can be found in the Ph.D. dissertation associated with this been identified as the cause of the Q virus.
work.[21 B. Cold RF Measurement
B. Thermal Limitations of Previous IIPP Work ,dsed on the reduced IlptaJEp,, ratio and the observed

The HPP experiments have shown that high power pro- magnetic field break-down 1ývels (llbd = 1250-1300 Oc) from
cessing is a successful method of reducing FE loading in SRF the S3C cavities, we predicted that the cavity would reach 90-
cavities.131 The initial studies were performed with single-cell 95 MV/m prior to thermal breakdown limitation. The cavity

performance exceeded this prediction. The results of the best
*Supported by the NSF with supplementary support from the experiment with cavity W3C2-1 are shown in Figure 1. This
U.S.-Japan Collaboration. cavity experiment extended over two cool downs, with a room
t Permanent Address: DESY, F,5 NJtkestrasse, 2000 Hamburg 52, temperature cycle, but no vacuum break between.
Germany.
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Figure 1. Qo vs. Ep,,k (E,•c) plots for the best experiment with cavity W3C2-1.
On initial rise of power, the cavity performance was simi- lar to that of pre-HPP single cell cavities. FE related Qo drop

was measurable at Ep,,k = 25 MV/m, though low power pro- ities. Figure 2 plots maximum attainable CW electric field as
cessing with Pine = 10 W increased the threshold to Epe• = a function of the maximum processing field preceding the CW
35 MV/m. The second plot in Figure 1 is the best CW meas- measurement. The results of the two cell cavity are in good
urement from the second day of testing the cavity. This CW agreement with an extrapolation of the single-cell and nine-cell
measurement followed processing with incident power up to results. Furthermore, this clearly supports the correlation be-
130 kW, and fields as high as EHPp = 103 MV/m, a room tween processing field and success in processing.
temperature cycling, and processing with power up to 100 Figure 3 is a similar plot, showing the X-ray detection
kW, and fields as high as EHpp = 113 MV/m. During HPP, threshold electric field as a function of maximum EHpp. X-rays
analysis indicates that Qo values dropped to 106. As can be are produced when emitted electrons impact elsewhere in the
seen, the improvement is remarkable. The maximum attained cavity, and X-ray detection is a reproducible method of charac-
CW field was Epeak = 100.6 MV/m, limited by thermal break- terizing the onset of field emission in a cavity.
down (Hp,,k = 1430 Oe). This peak electric field is 20 MV/m 3060593-107
higher than any accelerating cavity has ever been operated CW. 70 3... I . 1 .07. I I I I ' I I ....
The corresponding accelerating gradient at Epak = 100.6 a Single-cell Cavities
MV/m was E.,c = 34.8 MV/m. The Qo of the cavity re- E 60 Two-cell Cavities
mained above 5 x 109 for peak fields as high as 75 MV/m N es
(Eacc 26 MV/m). The experiment was repeated, reaching 5- a
Epeak = 85 MV/m (with nearly identical field emission 140
behavior), where it was limited by a superfluid helium leak. W

C. Comparison with Previous HPP Results 30 £

We can now compare the results of all tests of two-cell 20
cavity W3C2-1 with the results of tests of the S3C shape cav- •

10
3060593-106 0 _..... __.... __.... __.... ___... __..

100 £ Single-Cell Cavities • 0 20 40 60 80 100 120
Maximum EHpp (MV/m)> • Two-cell Cavities80 Tw-cell Cavities Figure 3. X-ray threshold peak electric field as a function of

" 8n lpeak field attained during HPP processing.

60 III. MODELING OF THERMAL LIMITATIONS

U 40 A. The Model
With the predominance of thermal breakdown as a limita-

2 2tion to attainable fields during processing (and therefore suc-X 20
0 cess in processing), it is instructive to model the thermal pro-

S................ ....... cesses in the cavity. Previous work on modeling (e.g. pro-
0 20 40 60 80 100 120 gram HEAT[61) has been done on the simplified system of a

Maximum Eipp (MV/m) niobium disk, with magnetic fields (power input through dis-
Figure 2. Maximum attainable CW peak electric field as a sipation) at one circular face, and a helium bath (cooling) at
function of peak field attained during HPP processing. Note the opposite face. Steady state solutions of this problem pro-
that the two-cell cavity behavior is in good agreement with an vided reasonable predictions for thermal breakdown field levels
extrapolation of nine-cell and single-cell behavior.
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in typical cavities. More recently, this model was expanded, 3060593-108
in program Transient HEAT,17 ] to include transient effects. ......... " .. .o I
With Transient-HEAT, we were able to gain an initial 1000 Total Dissipated Power

W TPower into Field Emission
understanding of the time evolution of a normal conducting .......... Power into Wall Losses
region on a superconducting surface. With this understanding, 100
the following model was developed.

We allow for four different loss mechanisms: supercon- ' 10
ducting wall losses, FE losses, input coupler losses, and
normal conducting wall losses. FE losses are estimated by ex- 1

trapolating the low field behavior to HPP conditions.
We assume the cavity has a single breakdown initiation 0.1

region, which activates at a fixed magnetic field (HED). When
HBD is surpassed, a circular normal conducting region begins 0.01 "
to grow on the RF surface of the cavity, with expansion ve- 001"
locity v,., which was obtained by determining the growth rate 0.001 100 200 300
of the normal conducting region as a function of magnetic time (p.sec)
field with Transient HEAT. The results of Transient
HEAT indicate that v,, varies quadratically with increasing Figure 5. Power dissipation as a function of time during
magnetic field, with a typical growth rate being 500 m/s for pulsed operation of a nine-cell cavity in quench conditions.
RRR = 400, HBD = 1200 G, H,,f,,, = 1400 G. Note that FE losses account for only 1% of total dissipation.

During application of high pulsed power, it is possible to With this model, we are also able to analyze where the
exceed the CW thermal breakdown field while the NC region power being dissipating during HPP processing. HPP was
grows in size. The amount of overshoot is a function of performed with 50 kW (maximum) on single-cell cavities, 130
many parameters, including incident power, CW breakdown kW on the two-cell cavity, and 200 kW on nine-cell cavities.
field, loaded Q, FE loading. Based on this analysis, however, we find that if thermal break-

A more complete description of this model can be found down is occurring during the HPP, a very small part of the
in the previously mentioned dissertation.l21 dissipated power is going into field emission. Figure 5 shows
B. Model Predictions and Analysis an example of the time evolution of the power dissipation in a

The result of simulation is an explaination of the relation- nine-cell cavity with 200 kW peak power incident upon it.
ship between CW thermal breakdown field and the attainable While the power dissipation reached as high as 100 kW, we
peak field during HPP. Given the experimental conditions of find that only slightly more than 1 kW was coupled into FE.
RF processing, this model predicts the "overshoot" of CW Similarly, we find that in all single-cell, two-cell, and nine-
breakdown field. Figure 4 is a comparison of measured and cell tests, if thermal breakdown is occurring, then FE losses
predicted Enpp, as only the input coupling (designated by Q,.) account for no more than 5% of the total losses. In order to
changes; pulse length and input power remain constant. The optimize future HPP processing, thermal breakdown must be
CW thermal breakdown field and the predicted peak field avoided if possible. Possible methods include higher purity
without taking breakdown into account are also shown for material, lower RF frequencies, or lower Hp, 0dEp,,k ratios.
reference. The last method was successfully implemented in cavity

W3C2-1, allowing the record performance reported here.
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CHARACTERIZATION OF NSLS ACCELERATING CAVITIES
USING IMPEDANCE MEASUREMENT TECHNIQUES

S.M. Hanna and P.M. Stefan
National Synchrotron Light Source
Brookhaven National Laboratory

Upton, NY 11973

Abstract subsequent high-resolution measurements. Seventeen modes
Impedance measurements, using a central wire to simulate were identified with the damping antennas in place, and thirty

the electron beam, were performed on a 52 MHz accelerating with the antennas removed. Following these measurements,
cavity at the National Synchrotron Light Source (NSLS). To the gap in the cavity was shwt,,ed by inserting an expanding
damp higher-order modes (HOM) in this cavity, damping sheet-metal sleeve, and all forty-seven high-resolution scans
antennas have been installed. We implemented the impedance repeated.
measurement technique to characterize the cavity modes up to
1 GHz and confirm the effectiveness of the damping antennas. A2, 183 m
Scattering parameters were measured using a network analyzer A5 A,13r
(HP 8510B) and values for R and Q were extracted using a 112 mm RF Drive

new analytical technique. Our results showed good agreement A 1

with URMEL simulations and with other independent Q 277 mm 0 o--A3

measurements. This technique offers a more time-effective @iA

technique for obtaining R/Q, compared with the bead-pull 112 mm

methodn frotingRQTuner
Port --

I. HOM MEASUREMENTS ON THE NSLS A4, 214 mrnm
52 MHZ CAVITY

Fig. 1 HOM damping antennas in the 52 MHz cavity.

As part of an upgrade for the X-ray Storage Ring at the
NSLS, a fourth 52 MHz cavity was recently installed. To II. EXTRACTION OF CAVITY IMPEDANCES

damp higher-order modes (HOM) in this cavity, five damping FROM SCATTERING PARAMETERS
antennas have been installed, as shown in Fig 1. To MEASUREMENTS
characterize the cavity modes and the effectiveness of this
damping technique, we implemented the impedance Characterizing different modes of the 52 MHz cavity
measurement technique [1-3], where a wire is introduced at involved evaluating the shunt resistance R~h, and the quality
the center of the component under test (the cavity). An rf factor Q, for each mode, before and after damping. This
current is fed into this coaxial configuration and the resulting required calculating the impedance Z(w) for each mode from
surface current distribution on the inner surface of the the measured transmission response S21(Wo) for the system
structure simulates the current distribution produced by a beam shown in Fig 2.a, and modeled in Fig 2.b.
of charges. The existence of any discontinuity in the structure
perturbs the current. The system was modeled as cascaded networks, each of

which is described by an S-matrix. It is more convenient to
A central wire of radius r, = 1.6 mm was fitted through the describe each section of the system by a transfer matrix

center of the cavity. Two spacers of 30 cm length and a relating incident and reflected waves at one port to the incident
radius r2 = 36.4 mm were connected to the cavity flanges, as and reflected waves at the other port 141:
shown in Fig. 2.a. The characteristic impedance of the
spacers and the beam pipe in the cavity was Z2 = 187.50 . (aj (T. T,,, (b) (1)
Each spacer was inserted between a cavity flange and a coaxial b1 = T 2 ) 12)
cable (ZI = 50 10), which was connected to a port of the
network analyzer. A frequency range from 45 MHz to 1 GHz This form of network description is mathematically convenient
was examined to locate higher-order modes. Any mode which for obtaining the overall T-matrix of the cascaded system.
produced a change in S2, Ž 5dB was included in the Since the network analyzer measurements are in terms of S-

parameters, one needs to convert from the T-matrix to the S-
matrix, using Eq. 2.

*Work performed under the auspices of the U.S. Department

of Energy, under contract DE-AC02-6CH00016.
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Conversion to S-parameters, gives

2Z2

+( Z) e2 " 2 '- Y2;"

2 72  (5)

+( _) r e2 ,t,' • "
242

2z-Z)F 2e 2yh' -(YA' -Y2 )2Z2

(a) System Configuration Solving for the cavity impedance gives

I -ly1--• [-•5, (1 - V) e-Y2' -(6) 2 Z,( -r A- ] (6
12 12 1 -- =_S21_••____e____(l+_l'Pe-

2
V2) + PeY2A ý(l +-212"ý]

Y1'Z 1  72 ' Z 2 /2'Z 2 /l'Z I where,

- -- 12 2 , Al
2

-12  -1

(b) Network Model
A program was written to obtain the impedance Z(CO)

Fig. 2 Configuration for impedance measurement and the (magnitude and phase) for each of the cavity modes from the
corresponding network model measured S-parameter data. A normalization step was included

to account for phase shift and attenuation in the network
analyzer. The program then calculates Z(w) according to

T2 1  T22 - T2 1 T1 2  Eq.(6) using corrected S2, (w) values (in phase and magnitude).
(S11 S1 2  = T, 1 (2) The resulting 0,(w) and I Z(w) I for each cavity mode serve as
(S 21 S22) T12 inputs to a search program to find shunt the resistance Rk,, the

-T- resonant frequency f, and the 3dB-bandwidth. As a sample of
the results obtained, the extracted Z(co) for the cavity HOM

Based on the network model shown in Fig 2.b, the T- at f= 275.1 MHz, with and without damping antennas
parameters representation for the system can be written as: installed, is shown in Fig 3.

T~~~~ = e" )( i r] eY2'2' 0

(e e111) 10 e -'2.0
- .0

Z __+ _2Z2 z lz(cw)l 1.5

*2 12Z2  2Z2 [• tI"~l•

Z 2Z2 - Z

-00-
02Z 270 7 8 2 0 75 0

1 [MNz) [UK.)

*-(eY21•" o) riiIr -- irIiel 0i

where,

T-y Propagation constant in each transmission line section. Fig. 3 Mode (f= 275.1 MHz) impedance with and without
F - Reflection coefficient, damping antennas installed.

r - Zr 0 Z0 (4)

r 2 -+zI 4
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TABLE 1 - RESULTS AND COMPARISONS

COMPARISON WITH COMPARISON WITH PROBE Q-MFASUREMENT
COMPUTER SIMULATION

UNDAMPED DAMPED
R(MHz)

R/Q (0) Q Qd

THIS WORK URMEL THIS WORK PROBES THIS WORK PROBES

53.2 66.053 64.102 10.471 16.100 7598 13800

275.1 14.156 14.848 36,122 33,050 145.0 160

338.1 0.413 0.209 26,663 26,500 --- 30

397.8 5.492 5.240 27,367 26,800 30

511.2 6.302 18.034 23,342 26.450 --- 200

586.1 20.555 15.129 29,447 --- 333.7 --

663.6 0.323 0.213 37.092 37,500 1697 1900

713.8 0.260 0.347 44.822 44,000 --- 180

756.8 0.066 0.045 35.746 37,100 3355 3600

792.3 2.556 3.882 14,806 10.750 1737 1900

878.2 29.799 13.869 22,260 22,680 817.7 420

954.7 0.007 0.211 30.329 48.900 2729 200

975.4 1.519 1.635 6,471 6.080 1493 340

III. RESULTS AND COMPAISON WITH accelerating cavity at the NSLS. The results of the

CAVITY SIMULATIONS AND WITH PROBE measurements are in good agreement with computer

Q-MEASUREMENTS simulations for this cavity and in reasonable agreement with
other independent measurement methods. We have developed
and implemented a technique to extract the impedances of

A partial summary of our results, together with varous different modes from the measured S-parameters. Our
comparisons, is presented in Table 1. An important quantity analytical technique is a convenient alternative to the two
to characterize a cavity mode is its geometrical impedance approaches commonly used, namely, tapered transitions or a
R/Q. We compared our measured values of R/Q to values full calibration, which are normally needed in this type of
obtained from URMEL computer simulations. Examining the measurement.
field patterns for different cavity modes using URMEL
simulations reveals some explanation for the variation in References
agreement between measured and calculated values "-f R/Q.
We noticed that when the fields associated with a certain [11 F. Caspers, Frontiers of Particle Beams: Intensity
mode are more concentrated in the volume close to the gap, Limitation, Springer-Verlag, pp. 80-109, 1992.
the agreement is generally not as good, compared to other 121 L.S. Walling et al., "Transmission-Line Impedance
modes . Based on this observation, we argue intuitively that Measurements for an Advanced Hadron Facility" Nucl.
the perturbation introduced by the wire in the measurement Instru. and Meth. in Phys. Res., A281, pp. 433-437,
has more effect on the field in such modes. 1989.

Our measured values for the Q were compared with other [31 S.M. Hanna and P. Stefan, "Application of Impedance
independent Q measurements, where transmitting and Measurement Techniques to Accelerating Cavity Mode
receiving probes were placed on axis 151. These results are Characterization",submitted to Nucl. lnstru. and Meth. in
also listed in Table 1. Phys. Res.

141 R.E. Collin, Field Theory of Guided Waves, New York,
IV. CONCLUSION McGraw Hill, Ch.3, pp.79-83, 1960.

151 R. Biscardi and W. Broome, Private communication.
The impedance measurement technique was applied to the

characterization of hioher-order modes in a 52 Mhlz
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In Search of Trapped Modes in the Single-Cell Cavity Prototype for
CESR-B*

W. Hartung
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853

E. Haebel
CERN, AT Division, CH-1211 Geneva 23, Switzerland

"Success has made a failure of our HOM." (a) 3180593-007

S. O'Connor r pC r , Output, TransmissionCavIty , ,LoadGenerator!, Input Coupler :CouplerICct~•, Line Loa

I. INTRODUCTION
Plans for CESR-B, the proposed upgrade of the CESR TTT T T R

e+e- storage ring to a B-factory, call for single-cell su-
perconducting cavities with heavily damped higher-order
modes (HOMs); Q _< 100 is required for the danger- (b) 3180593-008
ous modes in order to avoid multi-bunch instabilities [1].
The cavity is designed to enable all HOMs to propagate
into the beam pipe, where they are damped by a layer V,. R
of microwave-absorbing ferrite. Other "single-mode cav-
ity" designs have been shown to have trapped modes, i.e.
HOMs with low fields in the beam tube even though they Figure 1. (a) A circuit model for a lossless resonant cavity
are above cutoff [2, 3]. Trapped modes in the CESR-B excited by an ideal generator and damped by a resistive
cavity would be poorly damped by the ferrite loads and load at the end of a lossless transmission line; (b) the cir-
might have excessively high Q's. cuit model with the cavity, couplers, transmission line, and

Several different approaches have been taken in assess- generator replaced by their Th~venin equivalent circuit.
ing the effectiveness of the CESR-B cavity design: (i) the
Q's of monopole and dipole modes have been measured in P cannot be calculated directly. If we replace R by an
a full-size copper cavity with ferrite loads [4, 5]; (ii) the Q's open circuit and a short circuit in turn, however, we can
of monopole modes have been predicted using SEAFISH express P in terms of Vp.. and Isht. In the usual case,
to model the cavity and loads [5]; (iii) the current-voltage in which R is real and ZIh is imaginary (meaning that the
method has been used to search for trapped monopole rest of the circuit has no resistive elements), the result is
modes. The results of (iii) are discussed in this paper.
An explanation of the current-voltage method and some RI V
recent improvements to it are also given. A more detailed 2 1V_.1+R2
treatment is given in a separate report [6].

II. THE CURRENT-VOLTAGE METHOD If the load is matched, then R is equal to the characteristic
impedance of the propagation mode. V0p,, is determined

The current-voltage method was developed to calculate from the transverse E field with an open boundary condi-
damping using programs like SUPERFISH [7] or URMEL tion (/itl = 0) and [.hovt is determined from the transverse
[8] that do not model power absorption. The method pre- R field with a short boundary condition (Eu = 0).
dicts the Q of a cavity mode which can propagate en- The voltage and current must be defined so that the
ergy into the beam tube or some other transmission line. power flow in a forward-travelling wave is WV* (where
The transmission line is assumed to be terminated with a p

I* is the complex conjugate of I) and the characteristic
matched load (the method can in principle handle a line impedance of the line is V/I. Suitable definitions of V and
terminated by an arbitrary impedance). I can be chosen for any waveguide or TEM transmission

Consider a resonant cavity driven by a generator and line (V and I are uniquely defined only in a TEM line).

damped by a load. A possible circuit model for this situa- For the TMo( mode in a circular waveguide, satisfactory

tion is shown in Figure la. A Thivenin equivalent circuit definitions are

for the cavity, generator, couplers, and transmission lines

is shown in Figure lb. The power P dissipated in the load V -v/aE,(r = a, 0); I =_V/iaH(r = a, ),
resistor R is

1R I VI 2  where a is radius of the guide.
P 2 IZh + The procedure for using the method is then as follows:

__2____________(i) Calculate the resonant modes of the cavity with the

'Work supported by the National Science Foundation, with supple- beam pipe terminated in an open and a short using a pro-
mentary support from U. S.-Japan collaboration, gram like URMEL. (ii) Calculate Ve,,. and Iaho and
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deduce where J, (z) is the ordinary Bessel function of the first

I 1 1 kind of order m and e,, is the nth zero of J0(z).
Qv =_2wUR 2 ,Tw - 12 1-I ý.R 2I h; = IV. COUPLING PREDICTIONS FOR THE

where w and U are the calculated resonant angular fre- CESR-B CAVITY
quency and stored energy, respectively. (iii) Identify themode pairs that correspond to the same cavity mode with Q•= calculations for TM monopole modes in the CESR-
the opposite boundary condition in the beam tube. The B cavity shape with a matched beam pipe were done withche oup singary tondition in the beam tube. ot c y diThen URMEL. Several different beam tube lengths were exam-coupling to the beam tube for that cavity m ode is then in d f r " v " mo p le o es( M E a d T O Mi ned for "even" monopole modes (TM0-EE and TMO-EM

Q..t = Qv + Q1 • (2) in URMEL lingo); only one beam tube length was used for
the "odd" monopoles (TMO-ME and TMO-MM). An even

Qet should be independent of the beam tube length 1. TM0 12-like mode near 1.5 GHs was sought, as the TMo1 2
It should be noted that (i) a single mode of propagation has acquired a bad reputation in another single-cell cavity

is assumed, (ii) the frequency shift due to the open or short shape [2].
in the beam tube is neglected, and (iii) the energy stored The calculated resonant frequencies of the first few even
in the transmission line is not subtracted. Because of (ii) TM monopoles are shown in Figure 2. There is a pair of
and (iii), the method is most appropriate in the case of modes at about 1.6 GHz which remain close in frequency
weak coupling to the beam tube. for all 1; they also have lower fields in the beam tube than

III. AN ORTHOGONALISED neighbouring modes. The calculated values of Qv and Q,

CURRENT-VOLTAGE METHOD for these two modes are shown in Figure 3a, along with
the Qezt obtained with the hypothesis that they represent

There is one disadvantage to the current-voltage method a single cavity mode. There is significant deviation for
as outlined above: the calculated Q•= is influenced by the small I, but the Q,.fi converges to about 120 for large I.

fields of other non-propagating or propagating modes. One Qv Q, b and Qezt values obtained using the orthogonalised

must therefore choose I large enough to eliminate contri-

bution from evanescent fields. This also means that the
method cannot be used if there is more than one mode
of propagation. There is a remedy for these drawbacks, *, a a. , 0 o , go"arethea _* a 0 - do.0 a0
however: if the modes of propagation are orthogonal, the m
contribution to the calculated Qez± from the other modes 8 . DO0**6a. goo .

of propagation can be eliminated using orthogonality. 03 .
0" - a g o '*9 o :.

Ifthe modes of propagation are orthogonal, then for each - 0"8 * 008 go 1".a O-.00 .
mode j of propagation, one can define transverse "unit a *a •aae 3.. 08 .S9 .. "

O0.*3 " oa a 0 .0. a• U
fields" 4 and 74j which are proportional to the transverse 0 A say? 0:A I a V

.8 a0*0. OBBO a A-fields in a forward-going wave; these unit fields must satisfy . 0 aDan ... .8

0 .o_. -o -. 0099 0.0-o ,
a n 00- 00 on 9*0 Do

711 da=b[]() ýQ9;a *@. 8 O 8.. a 99006888
• ~ 0 Do • ° O D O.. ao 0 •

where the integral is over the cross-section A of the trans- Go. 0 0o.. D0oDO
mission line. Equation (3) is a necessary and sufficient - " 00 a " 00 0-

0000 
99orthogonality condition. The current e and voltage Vs for 00Do

the jth mode of propagation are obtained from the unit -. • • 0 .. 0 0 *0 oo
fields and theE and H fields calculated by URMEL or 000 00000

SUPERFISH as follows: 0 ].., 000...

0100001000* 90 ... 9.9.

A~ A

~=L~x~;dn TMOf-iia 0I

The Qezt for the jth mode of propagation is obtained from e nTM0 EMLullVi and 1i using (1) and (2). Co

For the TMo, mode in a circular waveguide, a suitable 8aeaam.n..mmuumumuiuuuumammuumuuu .
choice of unit fields gives the following expressions for the 005

orthogonalised V and I: Beam10 15 20 25 30 35
Beam tube length [cm]

1 f2w~ aEr(T, 4))J1 (!ýn r rdr dO Figure 2. Dependence of the calculated resonant frequen-
vT•al(zon) o.o Oa cies of even modes on 1. The first two cutoff frequencies

I 2Wt" (Z.) 0 for TMo propagation are indicated by solid lines. The two

I ~V(iahi(zon) 1I Hf(r,4)3, --•) a drdqk, modes at 500 MHz are the cavity fundamental.

899



Table 1. Q1 and Qv predicted with the orthogonalised( method for I = 20 cm. Modes above TMoI cutoff and
(a) below TMo2 cutoff are listed.

- ~TM0-EE Modes TMO-EM Modes']
Z5lC Frequency Frequency

_6 [Ms1 QV
n0 =ii qe., iieq0~y[ttl [MHz] i:Qr Hj QV

E 973.9 26 1005.8 220

1059.7 11 1170.3 7
00 0 oo0 nUooO 0o 00o- 0 1326.8 6 1494.9 8

o 00 0 00 0 1 00 0- 1574.6 70 1589.0 54
S1681.5 9 1824.8 11

o 1944.3 15 2018.2 35
I,'I~i',~l~~li~ll~l'.l~li.,i~~l~~li~li~,'. •2049.2 61 2090.5 25

0 5 10 15 20 25 30 2182.0 16
Beam tube lcngth [cm] TMO-ME Modes I TMO-MM Modes]

Frequency Q][ Frequency jQ_
,. [ilM.!!~L..J[MHz] [_MHz]

(b),972.3 27 1008.4 18
""' 1066.9 11 1165.8 8
-:v 1289.7 8 1407.8 10

1527.8 9 1677.0 8S1833.4 11 1925.0 24
E 1995.3 16 2135.8 108

0: 0 0 0 0 0 0 o 0 o°o A V. CONCLUDING REMARKS
o o Oo00 00 - A trapped monopole mode was found in the CESR-B

Ln cavity. Since its Q is predicted to be 120, we expect that

it will not engender beam instabilities. The Q's predicted
by the current-voltage method are of the same order as

0 5 10 15 20 25 30 the Q's measured on the copper model and predicted by
Beam tube length [cm] SEAFISH, which suggests that the ferrite layer is close to

a matched load.
Figure 3. Dependence of the calculated Qv, Qi, and Qext
of the 1.6 GHz modes on beam tube length (a) without and VI. REFERENCES
(b) with orthogonalisation. For (b), the values are based [1] H. Padamsee et al., Conference Record of the 1991
on TMo1 propagation. IEEE Particle Accelerator Conference, p. 786-788.

[2] E. Haebel et al., CERN/EF/RF 84-1 (1984).
method are shown in Figure 3b. The Q,.t predicted with [3] S. Fornaca et al., Proceedings of the 1987 IEEE Particle
the orthogonalised method is almost constant even down Accelerator Conference, p. 1818-1820.
to I = 0. [4] V. Veshcherevich et al., Proceedings of B Factories:

The other modes were not paired up, so their Q,ýt can- The State of the Art in Accelerators, Detectors, and
not be predicted exactly, but it can be estimated from Qv Phylsics, SLAC-400/CONF-9204126, p. 177-180.
and Qj. Values of Qv and Q1 calculated using the or- [5] D. Moffat et al., "Design, Fabrication and Testing of a
thogonalised method with I = 20 cm are listed in Table 1. Ferrite-lined HOM Load for CESR-B," these proceed-
From (2), we expect Q8 ýt < 124 for all of the modes listed. ings.

Methods for calculating the shunt impedance Z, of these [6] W. Hartung, NS/RF-92-1701, National Superconduc-
modes are still under study. The evidence suggests that tor, 160000 Lincoln Avenue, Brentwood, Colorado
Z,/Q - 0.1 f) for the 1.6 GHz mode. The ZIQ of modes 80523 (1992).
with lower Q's may not be calculable with URMEL, be- [7] K. Halbach & R. F. Holsinger, Particle Accelerators 7,
cause their resonant frequencies and field patterns are sig- 213 (1976).
nificantly affected by the boundary condition in the beam [8] T. Weiland, Nuci. Instrum. Methods 216, 329 (1983).
tube.
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Envelope Equations for Transients in Linear Chains of Resonators

H. Henke and M. Filtz
Technische Universitit, EN-2, Einsteinufer 17, D-1000 Berlin 10, Germany

Abstract II Filling of a Single Resonator

Transient signals in strings of resonators consist of regimes Let us assume a single resonator which is driven by a gen-
with different time constants: high frequency oscillations, erator via some coupling device, Fig. I
beat signals and exponentials. If one is interested only in
the signals envelope one can transform the system of sec-
ond order differential equations into a system of first order
differential equations. The later carries fast varying terms, L A=
which are averaged out, and slowly varying terms. The re-

sulting equations are well behaving and can be integrated
numerically. Results are shown for the filling process un-
der beam loading of the superconducting nine-cell TESLAcavity. Figure 1: Single resonator driven by a generator with

transformed current i* and internal impedance RX.

I Introduction i* and R* are the generators current and impedance

transformed by the coupling device. The loop equation
Transients in strings of resonators are usually calculated of the circuit can be written as
by means of a Laplace transform in matrix notation or by
a discrete Laplace transform (see for instance [1]). Both j + 4 + -'q = fo sinw0 t (1)
approaches become quite awkward if the string is not ho- . L

mogenous and/or has branches. Also, one is often not q = f idt , wo = c ' QL= fo =
interested in the full time response but only the signals Fe
envelope. Then, it may be convenient to take advantage For q we try an ansatz called variation of constants

of the fact that the system consists of three regimes with q(t) = a(t) coswot + b(t) sin w0t (2)
normally very different time constants: First, the high fre-
quency oscillations with the time constant TRF of one pe- (1), (2) are two equations for three unknown functions q,
riod. Second, beating signals with time constants TRF/k a, b. Hence, we can impose a third condition which we
where k is the coupling between resonators. Third, signals choose as
which are related to the filling time Q/wRF. ia coswof + b sinwot = 0. (3)

In the following it is shown how to transform the system
of second order differential equations (DE) describing the Differentiation of (2) while considering (3) and substituting
individual resonators into a system of first order DE's of into (1) gives
twice the size. The system is written in a way that the fast (i+ '+b) coowb t - (6 + j,. )sin ot =1t sin w0 t (4)
varying terms can be averaged out and only slowly varying 4f W-
terms remain. The left over system of DE's is integrated Now, multiplying (4) with sinwot and (3) with cosw0t we
numerically yielding the signal envelope-f. can eliminate b through substraction. In a similar way we

The method is applied to the filling process of the su- eliminate a and obtain a system of first order DE's
perconducting TESLA cavity consisting of nine resonators.
Due to the high Q of the cavity the filling time is of the i + -2-t a +
order of one ms whereas the RF period is less than one ns.
The coupling between cells is in the percent region. Thus,
the time constants are well separated and the proposed = -w-a cos 2wot + b sin 2wot)+ cos2wot
method is ideally suited.

O-7803-1203-1/93$03.00 © 1993 IEEE 901



b+ b = and w, C, S are diagonal matrices with elerr.2nts wi,
coswit, sin wit, respectively. ai(i), bi(t(i are the slowly vary-

-- (sin 0t - b cos2wt) + sin 2wo t. (5) ing amplitudes in each cell and wi, q(') are the eigenfre-

So far, equ. (5) is still exact. We only have transformed quencies and eigenvectors of the steady-state, loss-free,
the second order DE (1) for q into two first order DE's homogenous system respectively. The latter can easily
for a and b. Not much seems to be gained. But (5) is be derived with standard matrix algebra as for instance
well suited to determine approximately a and b if they are treated in [2]. Frr a so-called flat-tuned x-mode struc-
slowly varying, i.e. if they do not change much over one ture they are given as

period To = 21r/wo. Then, we can average the equs. (5)
over To and the right sides become zero. The solutions of Wj/WO = (1 - 2k cos = i/N
the remaining left sides are straight forward. = sin [(n - ) iqb] / /sin 2 [(n - ½)iq]. (8)

n

III Transients in a Chain of Cou- Similar to the case of a single resonator, we impose the

pled Resonators condition
Ca + Sb = 0 (9)

Next we consider a chain of N coupled resonators, Fig, (2). in order to reduce the degree of freedom for the functions
in (7). After differentiating (7) once more and making use

I( , T 2 INof (9) we substitute (7) and q into (6) and find

R* M R2 M M 6 1A(Cb Sik + iv.5&i,

SA(CI•- Si0 (+ ,6•(II )Qw(C~b - Sa) +I M(Ca+ Sb) = f

(10)
L ........... L with A = (I- kK)Qw, M = w2Q - Aw =- 0.
2I M is the system matrix of the steady-state, loss-free, ho-

mogenous case and thus vanishes.
Because of the unitarian character of Q, Q- 1 = Q1, we

ibi t
b2 tcan invert A and obtain for (10)

Figure 2: Chain of N coupled resonators driven by gener- Cb - Sa + o-( (W + Pw)(Cb - Sa) = AwQtf (11)
ator currents it and beam currents ib,,.

with P = Q'fPQ. Successive elimination of ,a and b from
Each resonator is coupled to a generator with trans- (9) and (11) yields

formed current i, and impedance 1C. The beam currents
ib are assumed to be 6-function like, so they can be taken a + J [W 2(S 2 a- SCb) + wSP(Swaa- Cwb)] =

into account as a jump in q, at any instant t. Then the = - +.-,SQtf

second order DE's for each loop can be written in a matrix o
notation b+ - I [W2 (C 2 b - CSa) + wCP(Cwb - Swa)J =

q+ •o(I + P)4 +w2q-- Kii =f (6) = W--wCQt f (12)

with In (12) we find again products of sine- and cosine-rqi][ Ih 0 1functions which we decompose into slowly and fast varyingq = q2 0 f =l2 terms, e.g.
: ["sin( o[te , eg.os(w = [sin(w1 - wj)t + sin(w, + w,)tI/2.

fl,• 4/R, w =1/LC, Qo =woL/R, k= L/M[o i o ...j -Now, we average the system over a time span approxi-

1 0 1 0 sn I mately equal to the period of the fast varying signals and
K= o10 o f fl sinv . obtain, finally, the system of first order DE's for the slowly

. : Jvarying signals

In order to solve the system (6) we try an ansatz a + o[w(I + P,)wa - wPwb] =

q = Q[Ca+ SbI, 4 = Q[Ca+ Sb- wSa+ wCb] (7) b + [w-- [(I+ PV)wb+wP.wal = - 1 wR, (13)

where where

b () q) ... P12 c-(-I - 2)t 9 Paco3(W -0)t ...2-- .(t) ,b = b2 (t) 11 12)c= PI ((a' - lt •[ b 92 = 1 -(- 2 - -)9 P22 P23 COS(" 2 - W3 )9
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[q) cos(wf - 111)t + q")f 2 cos(Ul - ,0 2)t +... Fig. 3a shows the exponential increase of the cavity volt-
Re = qý2)l cOS(U -U-oi)t + q22)f 2 cos(- 2 - I 02)t +... age and its flat top under beam loading. The curve is anJ overlay of the voltage envelopes in the first and the nineth

cell. A zoom of the curve for very short times, Fig. 3b,
P, It. are equal to P,, R, with the cosine replaced by and for the first and last bunches of the beam, Fig. 4, re-
sine. The system (13) yields non-oscillating solutions and solve the different signals in the cells. Evaluating the time
is very stable. It can easily be integrated over I0' periods delay between the filling of the 1st and 9th cell, see Fig 3b,

T = 2ir/(wi - wi), for instance with a fifth order Runge- clearly proves that the wavefront in an empty cavity tray-

Kutta method. The initial conditions are normally given els with the average group velocity in the pass-band, i.e.

in q and q and define a(0) and b(0) by (7) and (9). with essentially the group velocity at the ps/2-mode. The

The beam currents can be taken into acount by jumpswihesnalytegopvocyather/- d.Te
The beamd currntsnuy cn be, taen. by juThenfromp (7) same is true for the refilling of the cavity when a bunch

in q. and continuity in llw, i.e. by sq(t). Then, from (7), has taken out a certain amount of the energy. From Fig.
(9) follows 4 it can be seen that field levels are different in every cell

6a(tj) = C(tj)Qt6q(tj) , 6b(tj) = S(tj)Qi6q(tj) (14) and that the differences are larger at the beginning of the

beam. But averaging over all cells only results in a maxi-

Having solved for a, b we are still left to find reasonable mum voltage variation of about 0.5 0/00 for the bunches.

envelopes from (7). Since, typically, the resonator chain is Finally, a study of the voltage sensitivity AV at the end of

driven by a single generator with frequency wo,, and the the beam against changes in the bunch charge ANe gives

particles to be accelerate have to stay in phase with wont AVIV 0 0.4 ANe/Ne.
it is best to develop all frequencies around won, e.g.

a) b)
coswit = cos6wit - coswot - sin 6wt -"sinwont . I cell

then, (7) can be written as V V

q = Q[(6Ca + bSb) coswo0 t + (bCb - 6Sa)sinwot] =

= Q[a* coswont + b* sin wo.t] (15) 0 00 to, t.__...t o+ Nb]- 0 250ns

where 6C, bS are diagonal matrices of cos bwit and sin 6wit t- 5

respectively. (Qa*)i is now the envelope signal in cell Figure 3: Filling process of the TESLA cavity with beam
i which is relevant for particles in phase with coswont. for t > to. a) Voltage envelopes in the 1st and 9st cell, b)
(Qb*)i is a signal which decays and which rings with zoom for small times.
sinwoInt, i.e. it is out of phase with the particles.

IV Filling of the TESLA Cavity a) cel b)

As an example we choose the filling process of the super-
conducting cavity for the TESLA linear collider study. The
cavity is a nine-cell, fiat-tuned, r-mode structure. It is
driven by a generator in the first cell. We assume that the #9. cell I
beam induced voltage is half of the voltage generated by &_ I _

the driver. Then, the cavity voltage stays constant after to to+3Tb to+798Tb to+80OTb

the time t 0 = r In 2 when the beam is switched on. r is
the filling time Figure 4: Blown-up curve of Fig. 3 for the a) first and b)

2Qo last bunches of the beam.
w"(1 +/iq =~ 0.832 ms
W.r(I + ,I)ql

The parameters used are References

fA = fo9 = 1.3 Gllz, Qo = 3- 109, R/Qo = 112.3 1/cell [1] M. F. Gardner and J. L. Barnes, Transients in linear

#I = 9 - 882 = 7938 generator coupling constant systems. Wiley, New York 1942.

L = 115.4 mm cell length [2] M. C. Pease, Methods of matrix algebra. Academic

k = 0.0185 cell-to-cell coupling Press 1965.

Tb= I ps bunch distance, N6 = 800 # bunches

N= 5. 1010 # e-/bunch (16)
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A Broad-Band Side Coupled mm-Wave Accelerating Structure for
Electrons.

H. Henke and W. Bruns

Technische Universit't Berlin, EN-2, Einsteinufer 17, D-1000 Berlin 10, Germany

Abstract to a wavelength of A = 2, 5mm with typical cavity dimen-
sions in the submillimeter range.

Modern micrometer etching techniques could be well sui- Looking at the mode of operation we have the option
ted for the fabrication of accelerating structures in the mm- to use standing waves or travelling waves in ir-mode, since
wave region. But keeping fabricational tolerances within a the geometries are made confluent at 7r-mode, yielding a
few thousandths or tuning the structures is not at all obvi- non vanishing group velocity and good mode separation.
ous. Therefore we propose side coupled structures with a
confluent r-mode which are expected to have large band- Geometry (1) Geometry (2) Geometry (3)
width, high group velocity and to be insensitive against -tl I ' ' ' [. m[• •
errors. The proposed structures are planar, side coupled --
muffin tins. Three different geometries are investigated
with coupling cells arranged symmetrically or alternately
on both sides. Dimensions and basic RF parameters are
given.

I. Introduction

Recently a double sided muffin tin has been proposed c I - ----- l-.g--[- i -- " c'
for electron acceleration in the mm-wave region [1]. The F t ] g3 L9
structure is planar and thus ideally suited for modern fa- w 7
bricational techniques like lithography and etching. On the .w 3 2 EI iiiiwI_
other side it is not obvious to keep fabricational tolerances a)
within a few thousandths or to tune such a structure. Also, / /// / ///,////
due to the high losses per unit length one might get intol- ,- /
erably high temperature gradients. Therefore, one would 2b 2a 2a 2
like to operate the structure in a mode which has a high
group velocity and which is the least sensitive to errors.

The ir/2-mode fulfills most of the above mentioned re- b)
quirements. But it has a low shunt impedance because of
the close spacing of the irises. Better are, normally, double- Figure 1: The double-sided muffin-tin structures

periodic structures with confluence in the 7r-mode. They a) Top-view b) transverse cut of structure (3) (c-c')

have high shunt impedance and high group velocity and
are very insensitive to errors, especially if the dispersion Geometry: Three different confluent structures have
relation is antisymmetric around the yr-mode. been found. The structures have a geometric period lenght

In the paper we investigate three different side coupled of Lg = A = 2, 5mm, and an electric period length
cavity arrangements, see fig. 1, with coupling cavities ar- Le = Lg/2.
ranged symmetrically or alternately on both sides. All Structure 1 consists of two accelerating cavities and two
three geometries are planar and require no more compli- coupling cavities per period Lg.

cated or more costly fabrication than the single periodic Structure 2 consists of two accelerating cavities and four
structure [1]. coupling cavities per period.

Structure 3 consists of two accelerating cavities and four
II. Choice of Geometry and Mode of Oper- coupling cavities per period, with two different sizes of the
ation coupling cavities.

The period length is given by L9 = 2r/0 = 2, 5mm. The
The operating frequency is 120 GHz. This corresponds other dimensions are chosen to obtain confluence. For 120

0-7803-1203-1/93$03.00 © 1993 IEEE
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GHz the dimensions were found to be (all in mm): one of the confluent 2r-modes. The field is in the greater
coupling cavities (w2 ) at the middle 0 mode and the lowest

(1) (2) (3) (1) (2) (3) 2r-mode. The field is in the smaller coupling cavities (w3 )
a = 0,3 0,3 0,3 w2 = 1,63 1,78 1,95 at the highest 0 mode and one of the highest 2r-mode.
b = w/2 w/2 w/2 w3 = - 1,78 1,75 (1) The accelerator mode jumps over the mode in the greater

w = 1,70 1,68 1,7 g2 = 1,20 0,95 0,85 side cavities.
g= 1,05 1,05 1,05 93= - 0,95 0,85

The 'iris'-thickness t follows from the total length and the Geometry 1 Geometry 2 Geometry 3

gapwidth g to t = 0, 2mm. This is also the thickness of
the walls between the accelerating and the coupling cells. *'"
To obtain a higher magnetic coupling the walls between f=120GHz

the accelerating and coupling cavities have been cut to a /
depth a 2 = 0, 5mm. / /

III. The basic RF Parameters ./

The RF parameters of the structures in Fig. I have been 1=110GHz

calculated with MAF!A [2]. The resulting parameters are 0 Lg 2r

(c = 56 x 106 /(fm)) (Standing Wave): Figure 2: Dispersion relations of the structures (1)-(3)

Geometry (1) (2) (3)
Q0 = 2822 2593 2723 W-- IW
ro[M(g/m] = 260 246 266 i"-I l"1
ro/Qo[kQ/m] = 92 95 98 E'-T'tW-7--

The dispersion relations are given in Fig. 2. Note that the Numbering the cavities of geometry 2 I"'
periodicity lenght is L9 , the phaseshift goes from 0 to 2r. with all left coupling cavities named 2 - --

From the dispersion relations we get and all right cavities named 3 leads to a

(1) (2) (3) dispersion relation as in fig. 2. Since ge-
tvg/co = 0,055 0,058 0,04 ometry 2 has w2 = w3, we could renum-

Bandwidth[GHz] = 9,2 8,9 3,3 ber the cavities to a alternating struc- "...
a[m- _] = - = 8, 10 8,36 11,54 ture. This leads to a dispersion diagram2uQo where the middle branch is swapped, as

The following parameters depend on the number of cells shown right. The dispersion diagram of
per wafer. We have chosen N = 56 accelerator cells per geometry 3 can now be understood as ."

wafer, giving a waferlength of i = NA/2 = 7cm. the one of geometry 2 with the middle

(1) (2) (3) branch pulled down.

r = al = 0,57 0,59 0,81 IV. Conclusions
Tf Ins] 2= •.r. 4,3 4,1 5,9

The mode separation Af is well above the theoretical need Three different side coupled muffin tin structures have

of f,/Qo. We could even have more cells on a wafer, if it been investigated. All three geometries could be made
wou!dn't be limited by the available size: confluent in the wr-mode with only a slight reduction of

the shunt impedance as compared to the single periodic
= 1(1) (2) (3) structure [1].

Af [MHz] =--- v.- 118 124 86 srcueIl
27[LM gN = Problems were the inevitable coupling between the cou-

120GHz/Qo[MHz] = 43 46 44 pling cells in the case of geometries (2), (3). It influences

The dispersion diagrams need a little explanation: the interplay between modes in such a way that the disper-

In the case of geometry 1, the lower branch corresponds sion relation could not be made very well antisymmetric

to fields in the accelerating cavities, around the 7r-mode. The geometry (1) has a quite antisym-

In the case of geometry 2, the lower branch also has metric dispersion relation but on the cost of deforming the

the field in the accelerating cavities, the middle and upper fields in the main cells.

branch have their fields in the side cavities. The middle The bandwith is typically twice as high as for the sin-

branch has an odd field with respect to the transverse co- gle periodic structure. Further work should evaluate and

ordinate (dipol mode), the upper branch has an even field. compare the sensitivity against errors of the different geo-
The case of geometry 3 is more difficult to describe: The metries.

field is in the accelerating cavities at the lowest 0 mode and
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ACCELERATOR STRUCTURE DEVELOPMENT FOR NLC*
H. A. Hoag, H. Deruyter, C. Pearson, R. D. Ruth, and J. W. Wang

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94305
and

J. Schaefer
Texas Instruments Inc., Dallas, Texas

Abstract

In the program of work directed towards the develop-
ment of an X-Band Next Linear Collider accelerator structure,
two different test accelerator sections have been completed,
and a third is being fabricated. The first is a simple 30-cell con-
stant-impedance section in which no special attention was
given to surface finish, pumping, and alignment. The second is 4 e
an 86-cell section in which the cells were precision diamond-
turned by Texas Instruments Inc. The structure has internal - .
water-cooling and vacuum pumping manifolds. Some design
details are given for the third section, which is a 206-cell
structure with cavities dimensioned to give a Gaussian distri-
bution of dipole mode frequencies. It has conventional- Figure 1. Input coupler and four cells of 30-cell structure.
machining surface finishes and external water and pumping
manifolds. Component design, fabrication, and assembly braz-
ing are described for the first two experimental sections.

I. INTRODUCTION
All three structures described are designed to operate in

the 2n/3 mode at four times the SLAC frequency, or
11.424 GHz.The first is of the simplest construction, with
constant-impedance cavities and rudimentary water-cooling,
intended primarily as a first test at SLAC of high rf fields in an
X-Band traveling-wave structure, following on from earlier
work on cavities and a standing-wave section [1]. It was also
the test vehicle for our newly-developed symmetrical double-
input coupler [2], and it provided the first accelerator 'load' for
the X-Band high-power klystrons under development [3].
Results of the first tests in the Accelerator Structures Test Area
(ASTA) [4] have been reported elswhere [5]. Figure 2. Completed 30--cell accelerator.

The second structure is also constant-impedance. How- double-input coupler in Figure 1. The complete section, brazed
ever, it represents our first attempt at improving accuracy of with 35/65 Au/Cu shims, is shown in Figure 2.
construction, smoothness of surface finish, and vacuum pump- III. THE 75 cm STRUCTURE
ing along the beam path. It is also intended to be primarily a
vehicle for high-field breakdown and dark current tests, al- This structure is designed to achieve 100 MV/m when
though it will later be used to accelerate an electron beam. driven by 220 MW pulses generated using the SLED II system

The third will be the first prototype of the quasi constant- [6]. There are 84 cells plus two coupler cavities. The latter
gradient structure with Gaussian dipole mode detuning which have symmetrical double coupling irises, very similar to those
is being developed for the Next Linear Collider Test Accelera- shown in Figure 2. The cell design is illustrated in Figure 3.
tor (NLCTA). It will be 1.8 m long, and will also be tested in Water cooling tubes and parallel vacuum pumping manifolds
ASTA, as will similar sections which will follow it. However it are integrated into each cell. Two additional holes provide thin
is also planned to install this section in the SLC for wake-field wall segments on two opposite sides of each cavity. Stainless
measurements in the Accelerator Structure Setup (ASSET) steel tuning studs are brazed on the outsides of these segments,
experiment, allowing the cavities to be tuned either up or down in

11. 30 CELL STRUCTURE frequency by pushing or pulling on the studs. Pumping slots
connecting the accelerator cavity to the manifolds can be seen.

The small, 30-cell accelerator structure comprises simple It was originally intended to use these slots in every cell,
nesting cups, as shown with the two halves of the symmetrical but concerns arose about the cumulative effects of leakage of rf

SWork supported by Department of Energy contracts DE- power from every cavity into the pumping manifolds. Vacuum

AC03-76SF00515 (SLAC). calculations showed that a tenfold increase in conductance
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Figure 3. Features of 75 c structure cell.

between the middle of the accelerator section and pumps at
each end could be achieved by using only four pumping cells
approximately evenly spaced along the section, so this Figure 4. Test braze five-cell assembly.
approach was followed.Theoretical work has shown [7] titat
cell-to-cell misalignment in structures that rely upon dipole verification, the parts were vapor degreased, wrapped in lens
mode detuning to achieve wake-field suppression needs to be tissue, sealed in air-tight dessicant bubble bags, boxed and
kept about 5 pm. We also know that the tuning rate for the 2n/3 shipped to SLAC.
mode as a function of cavity diameter is about 0.6 MHz/pm. As The first five cells test-brazed at SLAC are shown in
a first step towards the alignment goal, and also to improve the Figure 4. Brazing shims of 35/65 Au/Cu alloy 50 pm thick
cavity dimensional tolerances and possibly reduce dark cur- were used. It was a great disappointment to find that the assem-
rent, we decided to have the cells made by single-point dia- bly had multiple vacuum leaks. Theories advanced for the fail-
mond turning (SPDT). The work was done by Texas ure included contamination on the surfaces of the copper cells
Instruments Inc., Dallas, Texas. SPDT utilizes a single crystal, and the brazing shim, inadequate flatness of all surfaces, inade-
gem quality, diamond tool along with ultra-precision machine quate hydrogen ventilation of the brazing surfaces to reduce
tool refinements to produce optical quality surface finishes on oxides and carry away the products of reduction, and surfaces
nonferrous metals. Diamond has excellent wear characteristics, too smooth to permit the braze to 'wet' and flow. Many tests
and can be micro-polished chip-free at a magnification of were run under a variety of conditions. Sections were taken,
800X. The machine in which the toot is used employs air bear- etched, polished and examined. The belief that inadequate
ing spindles and slideways along with a 10 nm resolution laser hydrogen ventilation was the problem led to a radical change
interferometer tool positioning system. of design for the first 1.8 m section to follow. However, it

The OFE copper blanks were first machined with 75 pm of turned out that the problem lay in the brazing cycle: the time
excess material on the surfaces to be finished by SPDT. The allowed for the temperature of all parts to 'equalize' below the

first SPDT operation was to flycut the back surface flat to 1 pm true brazing temperture was too long. This allowed excessive
to mate with the lathe vacuum chuck, which was faced to the diffusion of copper into the brazing alloy, making it copper-
same flatness to establish a Z-axis zero reference. This refer- rich and raising its melting point so that, when the assembly
ence was used in the multiple-pass CNC program for cutting was taken up to the expected brazing temperature, the shim

both sides of the cell. The part was then positioned in the did not melt uniformly. The combination of a slightly higher
vacuum chuck and indicated to the spindle to less than 2.5 pmo. furnace temperature, and a shorter time for 'equalization'
Multiple tooling was used to reduce the wear rate on the finish- cured the problem. However, these troubles did underline the

ing diamond tool. The latter was designed with a .38 mm fact that the use of shims with multiple air/water/vacuum inter-
radius and 1200 sweep in order to be able to machine flat sur- nal interfaces was very undesirable. The probability of a failure
faces and inside and outside diameters in the same setup. The in a stack of 200 cells so joined would not be negligible. The
.38 mm tool radius allowed the .50 mm internal fillet radius design had looked attractive in the first place because it
called for to be profiled rather than plunged, eliminating tool afforded a clean outer surface comprised of a stack of precisely

chatter and surface degradation. The cavity diameter was held machined cells, the surfaces of which could be used for preci-
to ±2.5 pim and measured on the machine with an LVDT sion alignment.

probe. Centering of the cavity diameter with respect to the Continuing nervousness about vacuum leaks in the final
outer surface was held to 5 pm. To avoid additional set-ups and assembly led us to use thicker brazing shim (75 pm) than was

associated tolerance accumulations, the two surfaces were probably necessary. Tests had shown that the residual braze
machined in the same operation, necessitating a reversal of region would add 52 pm per cell to the period of the structure,

spindle rotation in the middle of the CNC program. The part so the machined length of each cell was reduced by this
was then reversed in the vacuum chuck and indicated on the amount. The design of the input and output couplers was done

outside diameter to less than .6 prm. This ensured that the two using MAFIA and confirming and fine-tuning the dimensions
sides of the iris radius blended smoothly. After dimensional by means of accuoately machined and brazed copper models.
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Figure 6. Design features of the 1.8 m sructure.

"is reduced to 50 mm. General design features are illustrated in
Figure 6.

Figure 5. Completedf 75 cm accelerator. In order to expedite the fabrication of this first section,
it was decided to use conventional machining techniques

The detuning caused by the slots in the pumping cavities Tolerances and concentricities are about 10 pun and the surface
wasalso computed and confirmed by low-power measurements finish is about 0.4 pm. So far, 190 of the cells have been made.
onaluminum model cells. Brazing shims and nesting cells are still employed, so the

The final assembly of the structure was done in stages. structure periodicity and cell-to-cell alignment will not meet
First. subassembly brazes of three stacks of cells were made. orgas oeei sepce htmc ilb ere

Twostaks ad 5 cll, ad oe 2 cels.Afer razngit asour goals. However, it is expected that much will be learned
Two stacks had 25 cells, and one 26 cells. After brazing, it was from the first excercise in putting such a long X-Band structure
easy to check them and confirm that they were leak-tight. They together. A special furnace is being constructed to accomodate
were also checked for straightness on a coordinate measuring the accelerator length.
machine (CMM). Secondly, the two couplers were brazed with
beam tubes, end pumping manifolds, and the first (and last) V. REFERENCES
two cells which were of special design. Finally, the subassem-
blies were stacked together vertically, with the output coupler [1] G. A. Loew and J.W. Wang, "Progress Report on High-

at the bottom, and with pumping cells inserted beween each Gradient rf Studies in Copper Accelerator Structures,"

subassembly. The completed accelerator section, leak-checked, XlVth Int. Symp. on Discharges and Electrical Insulation

mounted on its strongback, and awaiting low-power testing, is in Vacuum, September 16-20, 1990.

shown in Figure 5. [2] H. Deruyter et al, "Symmetrical Double Input Coupler
Development," 1992 Linear Accel. Conf. Proc., Vol.1,

IV. THE 1.8 m STRUCTURE pp. 407-409.

A first model of the structures intended to be used in the [31 G. Caryotakis et al., "Development of Multimegawatt

NLCTA is being built. It has 204 cavities plus two coupler cav- Klystrons for Linear Colliders: A Progress Report," these

ities, and is approximately 1.8-m long. The filling time is proceedings.

100 ns, and it is designed for final operation at 100 MV/m [4] A. E. Vlieks et al., "Accelerator and rf System Develop-

gradient, requiring an input power of 346 MW. However, the ment for NLC," these proceedings.

first goal is to run it successfully at 50 MV/m. The cavity diam- [5] J. W. Wang et al., "High-Gradient Studies on 11.4 GHz

eter, iris diameter and iris thickness are different for each cay- Copper Accelerator Structures," 1992 Linear Accel. Conf.

ity. Details of the theory leading to this design are given in [6] Proc., Vol. 2, pp. 716-718.

and [7]. As mentioned earlier, brazing problems with the 75 cm [6] J. W. Wang et al., "Design of the Detuned Accelerator

section led to a more conventional and conservative design for Structure,' these proceedings.

this structure. External water tubes and pumping manifolds are (7] K. Thompson et al., "Multibunch Beam Breakup in

employed, and the diameter of the cells containing the cavities Detuned Structures," these proceedings.
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HOM Damping with Coaxial Dampers in a Pillbox Cavity
without the Fundamental Mode Frequency Rejection Filter *

Y. W. Kang, R. L. Kustom, and J. F. Bridges
Accelerator Systems Division
Argonne National Laboratory

9700 S. Cass Ave., Argonne, IL 60439

Abstract

Coaxial dampers with E-probe and H-loop couplers
are used to damp higher-order mode (HOM) in an 840- INPUTCOUPLER

MHz cylindrical prototype cavity. The dampers are po-
sitioned to have minimum coupling at the fundamental
frequency, f., without using any blocking circuit. The
E-probe dampers are used at the equatorial plane of thei- -----
cavity. The H-loop dampers are used in the end wall of the
cavity. The fundamental mode decoupling can be done by H-LOOP- --

positioning the loop plane in the direction of the H-field of
the mode. For both dampers, the fundamental mode cou-
pling can be better than -50 dB. The damper load resis- (a)
tance is varied to find the optimum loading. Measurement E-PROBE

is made for three cases with 1) three E-probe dampers,
2) three H-loop dampers, and 3) three E-probe and three H-LOOP ,.I,*,
H-loop dampers. --- ---- H

I. INTRODUCTION --- E

There has been much work on development of HOM o-.o.o.
dampers in accelerating RF cavities. The most impor- ----

tant tasks in designing a HOM damping system are broad- 0 0 0 0
banding and suppression of fundamental mode power cou- (c)
pling. Coaxial dampers are used in both superconducting
and normal conducting cavities for particle accelerators [1- Figure 1
5]. Aperture-coupled hollow waveguide type dampers have a) E-probe and H-loop coaxial dampers in a cylindrical
been recently investigated [6, 7]. These hollow waveguide pillbox cavity. b) Probes and the loops are positioned for
dampers are used in multiples (usually three to damp the least coupling to the TMo1 accelerating mode. c) The
degenerate modes). The fundamental frequency rejection loop plane is parallel to the H-field.
is achieved by the cutoff characteristic of the waveguide.
However, degradation of the Q-factor at 1o is appreciablein this approach. If H-loop dampers are used in the equatorial plane of theIn coaxial HOM damper designs, theah decoupling is a cavity, the loop plane must be positioned perpendicular todifficult task. However, the coaxial dampers can be used the fundamental mode H-field to couple to the higher orderanywheret insk. tHowee, ctyhi coaxial pros rctn meto ised TM modes. Then, a fundamental frequency rejection filteranyw here in the cavity if a proper f , rejection m ethod is m s e u e . H l o a p r s af w v l n t h rused. The coaxial dampers can have the following advan- must be used. H-loop dampers use a half-wavelength short
tages: stub in parallel [1] or a quarter wavelength short stub in se-ries [2]. These short stub fundamental frequency rejection

9 The fundamental frequency power loss can be mini- circuits also block the signal frequencies at around the even
mized with a proper f, rejection scheme. and odd multiples of f, respectively, and also increase the

* Dampers are compact, lightweight, and inexpensive, fundamental mode power loss due to the increased current
path.

* Cooling is easy and does not disturb the cavity heat Figure 1 shows the coaxial dampers used with a cylindri-
distribution. cal pillbox cavity without a 10 rejection circuit. A pillbox

E-probe dampers can be used in the cavity equatorial cavity with f,=840 MHz is used in the measurement. The
-prone dithoutampfrejerstca n b sed , since the av aial c HOM frequencies are found using the URMEL-T code.

plane without any10 rejection filter, since the radial con- The E-probes are used in the cavity equatorial plane.
ponent of the TMo1 electric field is zero in the midplane. The H-loops are used in the cavity side-wall. The loop

*Work supported by U.S. Department of Energy, Office of Basic plane is parallel to the TM 0 1 mode H-field. Three dampers
Energy Sciences under Contract No. W-31-109-ENG-38.
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Table 1
-20 HOM damping with E-probe dampers. RL = 30,50, 100Q

SMode type f(MHz) Damping (dB)-30

S309 500• 100Qf

"C 40 TMO-EE-1 840.412 0 0 0

, TMO-ME-1 1293.773 20.0 28.5 25.0

-50 TMI-EE-1 1340.911 0 0 0

TMI-ME-2 1663.036 21.5 28.0 21.0
-60 TMO-EE-2 1928.998 4.5 0.5 3.5

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Probe Length(;nCh) TMO-EE-3 2141.433 2.5 0.2 3.0

Figure 2 TMO-ME-2 2165.287 18.5 4.0 14.0

Isolation between power input loop and an E-probe TM1-EE-3 2379.244 4.5
damper at fo,. RL = 50Q TM1-ME-4 2643.410 15.5 >30 18.0

TM1-EE-5 2708.200 0 3.0

are used to increase the coupling to the degenerate modes. TMO-EE-4 2758.015 2.7 4.5 1.5
The size of the loop or the probe as well as the loca- TMO-ME-3 3067.968 6.5 >20 1.5

tion in the cavity determine the coupling to specific HOM
fields and thus the damping ratio. The fundamental mode TM1-EE-6 3147.284 9.5 5.0
coupling to the dampers is also dependent on the position TMO-EE-6 3611.091 >30 > 30 >30
and size. The coupling between the input coupler and a
damper at f1 with respect to the size of the probe or the
loop is measured and shown in the next sections. is turned carefully to the minimum coupling position. The

coupling increases drastically as the loop area increases
II. E-PROBE DAMPERS over - 0.15 inch2 . This indicates that the input loop and

the damper loop couple directly, not through TMo1 mode.
The fundamental mode coupling as a function of the The coupling can be < -50 dB which is less than I W of

probe length is shown in Figure 2. A probe diameter of power dissipation for a 100 kW cavity input power.
d = 0.25" is used. The probe in this position should not Three H-loop-coupled coaxial dampers are used in an
couple to the fundamental TMo1 mode field. But, due to uniformly spaced circular array at r=0.6r0 as shown in Fig-
imperfect probe alignment and mutual coupling between ure 1(a). Each damper has a loop area of 0.04 inch2 . The
the two coupling devices, a small amount of coupling exists. load resistance is varied as in the E-probe damper mea-

Three E-probe dampers are used in the cavity equato- surement. Table 2 shows the measured damping ratios.
rial plane with an angular separation of 900. The load Most ME boundary modes and EE boundary modes are
resistance is varied to see how the damping ratios change. damped effectively with the exception of some EE bound-
A probe with diameter d = 0.25" and length f = 0.50"
is used. Measurement of the damping ratio of thirteen
HOMs is shown in Table 1. These modes are the cylindri-
cal equivalent of the higher-order TM modes of the storage 0
ring single cell cavity to be used in the APS and can cause
beam instability [8, 9]. Measurements are taken in dB scale -10
which is related as 10 log JS21 12 . The Q-factor for a mode
is proportional to PS21[. TMO denotes the monopole modes 0 -

and TM1 denotes the dipole modes. ME and EE denote 'c -30
the boundary conditions with magnetic and electric con-
ductors in the cavity equatorial plane, respectively. The U -40

results show that the modes with E-field at the cavity mid- -50-
plane (ME boundary condition) are damped effectively and
the modes with no E-field in the midplane (EE boundary) C .0i

ar o .0,00 0. •C 0.20 0,30 0o C. 5._
are not. Loop Arec ,:nc,')

III. H-LOOP DAMPERS Figure 3

The power input loop to the damper coupling was mea- Isolation between power input loop and an H-loop

sured and is shown in Figure 3. The plane of the H-loop damper at f,. RL = SO0
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Table 2 Table 3
HOM damping with H-loops. RL = 30, 50, 1000? HOM damping with E- and H-dampers. RL = 50Q

Mode type f(MHz) Damping (dB) Mode type f(MHz) Damping (dB)

3002 50Q iOOQ 50,50 50,100

TMO-EE-1 840.412 0 0 0 TM0-EE-1 840.412 0 0

TMO-ME-1 1293.773 0 0 0 TMO-ME-1 1293.773 26.0 22.5

TM1-EE-1 1340.911 4.0 7.0 7.0 TM1-EE-1 1340.911 18.0 18.5

TM1-ME-2 1663.036 12.0 21.0 14.0 TM1-ME-2 1663.036 28.0 28.0

TMO-EE-2 1928.998 19.0 19.5 17.5 TM0-EE-2 1928.998 24.0 23.0

TM0-EE-3 2141.433 1.5 3.5 5.3 TMO-EE-3 2141.433 4.5 5.0

TMO-ME-2 2165.287 28.0 24.5 30.5 TMO-ME-2 2165.287 28.5 29.0

TM1-EE-3 2379.244 20.0 17.5 23.5 TM1-EE-3 2379.244 19.0 20.0

TM1-ME-4 2643.410 20.0 >30 >30 TM1-ME-4 2643.410 25.0 23.5

TM1-EE-5 2708.200 10.0 13.5 10.0 TM1-EE-5 2708.200 13.5 10.0

TMO-EE-4 2758.015 16.5 22.5 17.4 TM0-EE-4 2758.015 23.0 22.5

TMO-ME-3 3067.968 6.0 4.5 3.0 TMO-ME-3 3067.968 6.0 7.0

TM1-EE-6 3147.284 4.5 11.0 7.0 TM1-EE-6 3147.284 7.5 10.0

TMO-EE-6 3611.091 11.5 22.0 14.5 TMO-EE-6 3611.091 >30 >30

IV. COMBINED E- AND H-DAMPERS VI. REFERENCES

Three E-probe dampers and three H-loop dampers were [1] Y. Yamazaki, K. Takata, and S. Tokumoto, "Damping
used together in a measurement. The measured damp- test of the higher-order modes of the re-entrant accel-
ing ratios are shown in Table 3. The result shows that erating cavity," IEEE Trans. on Nuclear Science, Vol.
most modes (both ME and EE boundary) are damped ef- NS-28, No. 3, June 1981.
fectively. 50 0 loads are used in E-probe dampers while [2] B. Dwersteg, E. Seesselberg, and A. Zolfaghari,
50 Q• and 100 Q are used for two separate measurements in "Higher order mode couplers for normal conducting
H-loop dampers. The results from the two cases are about DORIS 5-cell cavities," IEEE Trans. on Nuclear Sci-
the same except for the TM1-EE-5 mode. ence, Vol. NS-32, No. 5, Oct. 1985.

[3] P. E. Faugeras, et al, "The new rf system for lepton
V. CONCLUSION acceleration in the CERN SPS," IEEE Trans. on Nu-

The above measurements show that the HOM can be clear Science, Vol. NS-34, No. 5, Sep. 1987.

damped with E-probe and H-loop dampers with negligible [4] E. Haebel, and J. Sekutowicz, "Higher order mode

fundamental frequency power loss. They can therefore be coupler studies at DESY," DESY M-86-06.

compact in size, inexpensive, and easy to maintain. The [5] A. Mosnier, "Developments of HOM couplers for su-

E-dampers in the equatorial plane and the H-dampers in perconducting cavities," 4th Workshop on RF Super-

the endwall can achieve very weak coupling at the funda- conductivity, August, 1989.

mental frequency without using decoupling circuits. The [6] G. Conciauro, and P. Arcioni, "A new HOM-free ac-

mode selectiveness of the two damper designs are nearly celerating resonator," 1990 EPAC Symposium Digest,

complimentary to each other. pp. 149-151.

Since each damper port input impedance is a function [7] R. Rimmer, D. Goldberg, G. Lambertson, F. Voelker,

of frequency, a fixed resistance loading cannot damp each K. Ko, N. Knoll, R. Pendleton, H. Schwarz, F. Adams.

mode completely but can be the optimum for all modes. M. De Jong, "Higher Order Mode Damping Studies on

Although the sizes of the E-probe and the H-loop are not the PEP-I1 B-Factory RF Cavity," Proc. 1992 EP4C

optimized, the damping is enough for use in actual APS May 1992.
storage ring cavities. [8] J. F. Bridges, et al., "Measurement of prototype cav-

The next activity is to apply this design in the actual 352 ities for the Advanced Photon Source. Proc. 1991
MHz APS single cell cavity and find the optimum probe PAC, pp. 693-695, May 1991.
and loop sizes. [9] L. Emery, "Coupled-bunch instabilities in the APS

ring," Proc. 1991 PAC, pp. 1713-1715, May 1991.
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Reduced Length Design of 9.8 MHz RF Accelerating Cavity for the Positron
Accumulator Ring (PAR) of the Advanced Photon Source (APS) *

Y. W. Kang, J. F. Bridges, and R. L. Kustom
Accelerator Systems Division
Argonne National Laboratory

9700 S. Cass Ave., Argonne, IL 60439

Abstract

A 9.8-MHz RF accelerating cavity is developed for the
first harmonic system in the APS PAR [1] and an alu- Zol c1
minum unit is tested. The design goal is 40 kV at the
accelerating gap, Q-factor of -• 7,000 for the accelerating Zo2
m ode, 1.2-m diam eter, 1.6-m length with good m echanical ......................................................... ..............

strength and stability. The design employs no dielectric or
ferrite loading for tuning. The cavity is a plunger-loaded
reentrant coaxial structure; the end of the inner conductor WINDOW
facing the wall has a piston-shaped loading structure which

consists of a circular disk and a cylinder. The RF charac-
teristic of the cavity was investigated using the URMEL-T
and MAFIA programs. Compared with a coaxial structure (a)
with lumped element capacitive loading, this design gives b

improved RF characteristics. z_ z

I. INTRODUCTION Zol C1I Z02 C

Designing low-frequency tuned RF accelerating cavities T-
for high power operation with a cavity length I much less
than a quarter wavelength is impossible without extra ca- it t2

pacitive loading. One way to shorten cavity length is to (b)
use folded coaxial structures as shown in Figure 1. How-
ever, if the maximum radius of the cavity is specified, the
characteristic impedance of the coaxial transmission line Figure 1

becomes lower as the number of folds increases. The re- Folded coaxial cavity and equivalent circuit

actance at the open end of a short-circuited coaxial line
is Zi,, = jZotan(/31). The characteristic impedance of thecoaxial transmission line two reduced length coaxial cavities are discussed and com-

pared with equivalent transmission line circuit analysis.
S= 60 ,nra, (1) This design is found to be good for determining the cavity

r, dimensions for a given fundamental mode frequency and

where r2 and ri are the radii of the outer and inner con- voltage distribution. The URMEL-T and MAFIA codes

ductors, respectively. With lower characteristic impedance were used in computer simulation of the cavities to find the

of the transmission line, Z0 , Zi., does not increase appre- frequencies, modal field patterns, and shunt impedances.

ciably until the total line length I approaches A/4. The conductivity of copper was used in the simulation.

By analogy of an equivalent L - C resonant circuit, II. CAVITY DESIGNS
greater capacitance is needed near the accelerating gap and
greater inductance is needed near the short-circuited end
to reduce the cavity length. Eq. (1) suggests that using A. Folded Coaxial Cavity
the outermost conductor for the low Z, coaxial section and The folded coaxial cavity with lumped element capac-
the innermost conductor for the high Z. coaxial section is itive loading is shown in Figure 1. Using the equivalent
more efficient in getting a shorter cavity length for a spec- circuit, the loading capacitance C, is solved as
ified cavity radius. A design of this cavity is shown in
Figure 1. In Figure 2. a capacitive loaded, foreshortened - Z~1 tan3I1
A/4 coaxial cavity is shown. In the following section, these C, = V"Zo -Zb'tan3e" (2)

°Work supported by U.S. Department of Energy. Office of Basic
Energy Sciences under Contract No. W-31-109-ENG-38. where Zý is the impedance looking into coaxial line with

Zo2 as shown in Figure 1 and * denotes the complex con-
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Figure 2 (a)
Loading capacitance in a folded coaxial cavity. zb z"

f = 9.8 MHz, r = 0.6 m.

Table 1
Computed modes for the 9.8-MHz folded coaxial cavity T

TMO-monopole modes, TMl-dipole modes, EE-end plates ---- ___

are electric wall. Voltage integrated at R, = 0.0 m . 3
off-axis for monopole modes and at R. = 0.076 m off-axis

for dipole modes. (b)

MODE FREQ Q R, Figure 3

(MHz) (MQl) Loaded gap cavity and equivalent circuit

TMO-EE- 1 9.82 12689 0.635

TMO-EE- 2 49.88 9372 1.010 and the dipole modes of the folded coaxial cavity obtained

TM1-EE- 1 76.04 10040 0.000 from the computer simulations.

TMO-EE- 3 97.24 34276 0.007 The inner coaxial structure must have a minimum of 10
cm of separation between conductors for high voltage op-

TM0-EE- 4 140.46 15537 0.599 eration [1, 2]. The capacitive loading may be realized by

TMI-EE- 2 157.28 58638 using one or more circular disks at the junction of the coax-

TMO-EE- 5 192.41 47295 0.005 ial transmission line sections. A circular parallel plate ca-
TM1-EF,- 3 1228.76 161723 pacitor with 50-cm radius will have a capacitance of about

T_ 500 pF if the spacing between the plates is 1.5 cm. How-

ever, this small spacing is not desirable for high-voltage

jugate. application.

The loading capacitance C, with respect to the cavity B. Loaded Gap Cavity
length and the characteristic impedances Z., and Zo2 are
shown in Figure 2 for the case of the 9.8-MHz cavity. The A coaxial cavity and its equivalent circuit are shown in

cavity has a length t=1.6 m, a radius r 2 =0.6 m, and a Figures 3(a) and 3(b), respectively. This design uses a par-

13.0-cm accelerating gap length. These results show that allel plate radial transmission line across the accelerating

lower Z, 2 and higher Z01 are required to lower the res- gap for the low Z0 structure. This configuration is useful

onant frequency of the cavity for a fixed cavity length. in lowering the resonant frequency for a fixed cavity size.

The voltage across C, is > 90% of the gap voltage across since the coaxial line section near the short-circuit with

C2 [2]. The lower Zo2 requires smaller distance between Z.3 utilizes the beam pipe as the smaller radius of the

the inner and the outer conductors, which is incompati- center conductor, and the section closer to the gap with

ble with high voltage operation. In order to increase the Z,, utilizes the cavity outer wall as the outer conductor.

distance between the conductors, greater loading capaci- The input impedance seen in the direction of the short-

tance is required. The URMEL-T code was used with the circuited coaxial transmission line is Za, and at J 2 the two

constraints f=1.6 m, r 2=0.6 m, 0.13 m of accelerating gap transmission line sections 1 and 2 are connected in series.

length, and 10.0 cm of conductor separation in the inner At a desired resonant frequency, Za = Z" and the

coaxial structure and permittivity of the anular dielectric length of the high impedance transmission line section f_,

ring was varied to simulate the -500 pF of extra capaci-
tive loading. Table 1 shows the properties of the monopole

914



is found to be

-2 = 1 t (3)

where

0.50N 1 = (Z Z.3tanOlitan,3 3 )
o.40 N2 = jZoi(Zitan/3£ + Z3 tan 3l£)

S0.20 D = Z 0 2(jZoi + Zb'tan,31l).

0.1o and Zb* is the input impedance of the radial transmission
0.00 line at r = r0 [2, 3].

0.070 0.080 0.090 0.100 In a computer simulation for 9.8 MHz, a 0.6-m outer ra-
d(m) dius and a 1.6-m total length were used. The accelerating

Figure 4 gap length g and the conductor spacing d were chosen to
Transmission line length f2 vs. conductor spacing d of be 13 cm and 9 cm, respectively. This gap length is suf-
coaxial section with Z0 1 for 9.8 MHz. 4j=l.1 m, r=0.6 ficient for accelerating voltage. Figure 4 shows the length

m, g=0.13 m. 12 versus the spacing d of the low impedance coaxial line
with Z. 3 .

The monopole and dipole modes found from the com-
Table 2 puter simulation are listed in Table 2.

Computed modes for the 9.8-MHz loaded gap cavity
TMO-monopole modes, TM1-dipole modes, EE-end plates III. PROTOTYPE MEASUREMENT
are electric wall. Voltage integrated at R0 = 0.0m off axis

foeelectric monop Voltage modesn d at R = m off axis fOne loaded gap cavity has been built and tested. Thedipole modes. cavity is made of aluminum with a copper center conduc-
tor. The shunt impedance and the Q-factor are 160kQ and

MODE FREQ Q R, 4900, respectively, at the fundamental mode frequency of

(MHz) (Mfl) 9.8 MHz. Table 3 shows the measured frequencies and Q-

TMO-EE- 1 9.82 10581 0.762 factors. The measured frequencies agreed well with the
simulation. The fact that the computed shunt impedance

TM1-EE- 1 95.27 16225 0.004 and Q-factor are greater than the measurement may be

TMO-EE- 2 97.07 22692 0.148 due to unwelded conductors. For the required accelerating

TMO-EE- 3 112.59 17871 0.332 voltage of 40 kV, the input power is ---5 kW.

TM1-EE- 2 158.80 20027 0.014 IV. CONCLUSION

TMO-EE- 4 188.90 22431 0.690 The loaded gap cavity is easier to implement and re-

TM1-EE- 3 193.48 68873 0.002 quires much less critical capacitance than the folded cavity.

TMO-EE- 5 204.95 43563 0.012 Comparing simulation results of the folded and the loaded
gap structures for the fundamental mode, the loaded gap
design has higher R/Q by -- 40% and lower Q by - 15%

Table 3 than the folded structure. Comparing the simulation re-
Measured frequencies and Q-factors of the 9.8-MHz suIts for the above two cavities, it can be seen that the

loaded gap prototype cavity, higher-order mode frequencies differ significantly and the

Measured monopole and dipole modes are ordered differently. The
prototype loaded gap cavity has acceptable RF character-

MODE f(MHz) f(MHz) Q istics and required mechanical strength.

TMO-EE- 1 9.82 9.85 5171

TMl-EE- 1 95.27 94.85 4806 V. REFERENCES

TMO-EE- 2 97.07 99.22 3026 [1] M. Borland, "Update on the Argonne Posi-ron Accu-

TM0-EE- 3 112.59 114.87 1625 mulator Ring." these proceedings.
"(MI-EE- 2 158.80 156.18 5315 [2] Y. W. Kang, R. L. Kustom. and J. F. Bridges. "Re-duced length design of 9.8MHz APS/PAR cavity."
TM0-EE- 4 188.90 180.00 4745 APS Light Source Note LS-211. May 1992.

TM1-EE- 3 193.48 195.06 4744 [33 Ramo. Whinery. and Van Duzer. Fields and Waves in
TM0-EE- 5 204.95 249.26 2297 Communication Electronics. John Wiley and Sons.New York. 1965.
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Higher Order Mode Damping System in the UNK RF Cavity.

V.Katalev, V.Kudryavtsev, I.Sulygin
IHEP,Protvino

I. INTRODUCTION Q-factor, transit-time factor T (max. value), the longitu-
dinal coupling impedance:

The accelerating structure of the UNK consists of two

cavities, working at 200 MHz and fed by an RF power Zc = Rs. T2
generator via a 3dB hybrid [1]. The UNK bunched proton
beam will have an extremely high intensity (6 • 10' 4 ppp) The analysis of the computations shows that in this
and therefore the problem of acceleration stability is a frequency range the accelerating structure has about 15
paramount one. One of the causes of instability is known modes whose coupling impedance exceeds the threshold
to be higher order modes (HOM) excited by the beam it- values. Some modes require a high degree of damping, e.g.
self in the accelerating structure. In order to eliminate the E011 by 120 times, E021 by 70 times, and E022 by 30 times,
beam instability the HOM coupling impedances must be etc. Accordingly, a high coupling between the absorbers
reduced to a certain threshold level. A threshold value of and the HOM fields and a high cutoff of the fundamental
the coupling impedance for the first ring of the UNK is mode are needed.
Z,/n = 6 - 16 0 [2] (the first ring contains 16 accelerat-
ing cavities). Here n is the HOM frequency - revolution II. DESIGN OF MODE DAMPERS
frequency ratio. In this report the damping system reduc-
ing the cavity HOM impedances to the threshold level is Each cavity has three suppressors, one placed on the
described, plate and two others on the shell( see fig.1) . Each sup-

pressor has a coupling probe.
3000 On the plane wall a "rejection" damper is placed (see

1125(3/4 k) -fig.2a) [4]. It is coupled with all E modes, but it is needed
primarily to suppress HOM which do not have field varia-

0500 tions over the cavity length (En, modes).
3W0

1 02 30 a)

Figure 1: RF unit geometry b)

For the accelerating system of the UNK the cylinder-
shaped single-cell cavity was chosen as the simplest in pro-
duction and analysis of HOM, e.g. identification, compu-
tations (see fig. 1). The beam-tube diameter of the cavities
is fairly large, 240 mm. As a result, the number of the Figure 2: Rejection(a) and radial(b) dampers
HOM localized in the cavity are limited and there is the
possibility to suppress a IIOM propagated in the beam- To cut off the current of the fundamental frequency,
tube by special ferrite absorbers. The parameters of an the coaxial cavity loaded on the capacity is used. The
azimuthal-homogeneous E modes were calculated with the fundamental frequency attenuation is about 60 dB whereas
help of the standard code PRUD-0 [3] in the frequency in the bandwidth for HOM it does not exceed 2 dB.
range to 1500 MHz that is cutoff frequency for 160 mm The RF loss in this damper on the fundamental fre-
OD vacuum chamber. For each mode the following pa- quency is about 500 W, that is less than 2% of the total
rameters were computed: frequency, shunt impedance Rs, loss in the accelerating cavity. About 50% of it dissipates
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in the coupling probe, 30% - in the coaxial cavity and the gree of each mode was estimated by comparing their Q-
remaining in the coaxial line and ceramic window, factors with and without dampers. In this experiment we

The coupling probe and central conductor of the line assumed R,/Q to be constant and the coupling impedance
are cooled by water. The gap voltage of the coaxial cavity to be defined by the formula
is about 6 kV under an accelerating voltage 0.8 MV.

Two other suppressors coupled with the radial field ZQT (--)-QT 2

component of HOM are placed on the cylindrical shell of Q
the cavity. One of them is placed in the middle and another The results of the damping are shown by the diagram
one at a quarter of the cavity length from the plate. This in fig.3, where the frequency dependence of the threshold
arrangement allows one to achieve the maximum coupling impedance for one cavity [2] is shown by the dashed line.
with the HOM having a different number of fields varia- It is seen that all HOM in this frequency range are damped
tions over the length. In order to dump the dipole (ýp- to the degree required.
dependence) modes, these suppressors are shifted by 90' The possibility of damping HOM by means of the ab-
in the azimuth. The coupling between "radial" dampers sorber placed in the beam-tube is investigated too. Ferrite
and the fundamental mode field is almost absent. There- rings were placed in the beam-tube at a rather long dis-
fore these dampers contain only coaxial line terminating tance from the cavity so that the fundamental mode has no
with a matched load (see fig.2b). The RF loss depends additional loss. This experiment showed that this method
on the eddy currents of the fundamental frequency in the provides the required reduction impedances of the major-
coupling probe and is about 200 W. The probe is cooled ity of HOM modes in a frequency range of 960-1500 MHz.
by water.

The absorbing load in each damper is a ferrite ring. IV. CONCLUSIONS.
VSWR of such loads does not exceed 2 in the 300-1500
MHz frequency range. The performed measurements showed the possibility

In the damped structure almost the whole power at of using 3 dampers on each accelerating cavity for reduc-

1tOM frequency dissipates in the damper loads. Because of ing the HOM coupling impedances to a threshold level of

a great difference between the frequencies of HOM and RF 300-1500 MHz. If required, the damping degree can be

harmonics of the beam currents (fk = 200. k, k = 1,2,... ) increased by optimizing the shape and dimensions of the

this loss is not greater than several Watts. coupling probe. HOM the frequency range 960-1500 MHz
are damped effectively by the ferrite absorber placed in the

III. MEASUREMENTS beam-tube.

In a frequency range of 300-1500 MHz the azimuthal- V. REFERENCES
homogeneous E-modes with the E-field longitudinal com- [1] Katalev V.V. et al. The 200 MHz Accelerating Struc-
ponent on the axis were investigated. ture for the UNK. EPAC, 1992, Vol.2, p.1197.

Higher-order mode resonances were computed by the
PRUD-0 [3] code and then identified using a perturbation [2] Balbekov V.I.,Ivanov S.V. Atomnaya Energiya, 1986,
method. These experiments include a comparison of the V.60, N1, p.45-51.
computed and measured distributions of HOM E - field lon-
gitudinal components and RS/Q values accordingly. The [3] Abramov A.G et al. PRUDO Program Package for
measured RI/Q values coincide with computed ones to Computing Accelerating Structures, Preprint IHEP
an accuracy of 10-15%. Then the influence of all three 83-3.
dampers on the HOM was determined. The damping de- [4] Shembel B.K. et al. Authors Certificate 984077, 1981,

USSR.

Zc/n ,.
100 Ewithout dampers

10 EE02 3 with dampers
SE02 'E013

0AE
1 E 03 2  ______________

0E, 31

0,000:A ,1 1 1
200 4oo 600 800 10oo 1200 100 F MGz

Figure 3: 1OM coupling impedances
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Status and Outlook for High Power Processing of
1.3 GHz TESLA Multicell Cavities,*

J. KIRCHGESSNER, P. BARNES, L. BARTELSONt, M. CHAMPIONt, C. CRAWFORDt, H. EDWARDSt,
J. GRABER, K. KOEPKEt, M. KUCHNIRt, A. MATHEISENtt, D. METZGER, D. MOFFAT, H. MULLER,

H. PADAMSEE, M. PEKELERtt, H. PFEFFERt, P. SCHMOSERtt, J. SEARS, and M. TIGNER

Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 USA

the normal conducting region(s). The method is, therefore,
SUMMARY ultimately limited by breakdown, initiated by the maximum

In order to increase the usable accelerating gradient in surface magnetic field. A low Hpk/Eacc ratio and a high RRR
Superconducting TESLA cavities, the field emission threshold are, therefore, advised.
barrier must be raised. As has been previously demonstrated on 8) In a special 2-cell cavity with reduced magnetic surface
S-Band cavities, a way to accomplish this is with the use of field, it was possible to reach a surface electric field of 113
high peak power RF processing. A transmitter with a peak MV/m pulsed, and 100 MV/m cw, corresponding to a world
power of 2 Mwatt and 300 Jtsec pulse length has been record accelerating field of 34.6 MV/m.
assembled and has been used to process TESLA cavities.
Several five cell TESLA cavities at 1.3 GHz have been EQUIPMENT FOR HPP AT 1.3 GHZ TESLA
manufactured for this purpose. This transmitter and the cavities CAVITIES
will be described and the results of the tests will be presented.

Needed Power
INTRODUCTION

High pulsed power processing (HPP) has been proved to be For TESLA, the RF frequency chosen is 1.3 GHz, and the
an effective method to overcome field emission in SC cavities, structure is a 9-cell with length 1.038 meters and Epk/Eacc =
Many experiments done with 1-cell, 2-cell and 9-cell cavities 2.1. It is desired to eventually reach 25 MV/m accelerating, or
at 3 GHz are discussed in other papers at this conference. The Epk = 53 MV/m at a Q of 5x10 9 . To determine the peak
salient results of these experiments are: power we need to apply, we are guided by the results from our

1) Accelerating fields between 15-20 MV/m were reached 3 GHz HPP experiments. If we can expect, Ecw = 0.6 Epulsed
with two 9-cell cavities (3 GHz) in 7 consecutive tests. For after HPP, with some field emision still present, we need to be
each test the surface of the cavity was prepared anew. In each prepared to reach more than 90 MV/m surface field pulsed. We
case, heavy field emission was successfully processed with must also be prepared for the Qo to fall to 2xl06 during HPP.
HPP to reach the final field levels. The low power Q was The pulse length over which the field can be built up during
undamaged from HPP, so damage is not a concern. the pulse is a very important parameter in assessing the power.

2) The effectiveness of the processing depends clearly on Fig. 1 shows that the needed peak surface field can be reached
the highest surface electric field reached during the pulsed with 1 Mwatt of power and pulse length of 1 msec.
processing stage. The highest pulsed surface field reached was 00o 1010595-016

72 MV/m for a 1-cell, and 60 MV/m for a 9-cell. Power levels
up to 50 kwatts were used for 1-cells and up to 200 kwatts for s -1 Me1t mase¢

9-cells. > 60
3) In 9-cell cavities, field emission was completely o

eliminated for field levels up to Ecw = 0.5 Epulsed. If field .. . .... ........ ...

emission is tolerated till the Q falls to about 5x10 9 , then 20

higher fields can be reached, typically : Ecw = 0.60 Epulsed. 0 ... . .. ...9

4) Processing takes place by an explosive mechanism. Cu 106 Loa 108 .
Dissection of processed cavities shows 1 - 10 pm size molten Fig. o.

craters with traces of the original contaminants responsible for
the field emission. Klystron and Modulator

5) The processing is effective against new field emission
when additional contaminants are introduced, such as by While preparations are proceeding for installation of SRF
vacuum accidents. infrastructure and a TESLA TEST FACILITY at DESY, a

6) During processing the Q falls to between 107 and 106.
7) It is possible, during pulsed operation, to exceed the *Supported by the National Science Foundation, with

field at which cw thermal breakdown is encountered; but then supplementary support under the U. S. -Japan Agreement.
there is a strong competetion for the applied high power tFNAL
between field emission losses for processing and the growth of tt DESY, Hamburg, Gerriany
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program has been launched at Cornell to test HPP at 1.3 GHz The cells are polarized as shown in Fig. 4 so that
as soon as possible. The Boeing Defense and Space Group eventually a single HOM coupler can damp both polarizations
kindly agreed to lend us a klystron (Thompson TH2104) and of dipole higher order modes. The measured splitting for the
PFN modulator. The system is intrinsically capable of 10 dominant dipole modes was 13 MHz (TE 11) and 50 MHz
MWatts peak at 200 Isec with 185 Kvolts, or 5 Mwatts at (TM 110) modes. Fig. 5 shows a complete structure installed
300 pIsec. With commercial constant charge, constant current in the chemical treatment facility. One 2-cell and two 1-cell
regulated pulsed capacitor charging supplies, we were nt chem treatmn failt. One 2-ce n d t o
successful in providing 110 KV to the klystron to obtain Nb cavities were also built. The RRR of the Nb used to
uniform 200 psec long pulses of 2 MWatt peak power. The fabricate these cavities was between 250 and 300. Copper

klystron and modulator system as installed at Cornell aie cavites were also built to test the dies and fixtures.
shown in Fig. 2. 1010593-011 15.0 mm

R98.5 mm

070.0 mm

Fig. 4

Fig. 2.

Niobium cavities

We decided to fabricate and test 5-cell structures instead of
the final 9-cell structures for two important reasons: a) The
available klystron/modulator operates at a maximum pulse
length of 300 lisecs, b) The existing SRF facilities at Cornell
(chemical treatment, shielded cold test area, furnace, clean
rooms, etc ) are not of the appropriate size to handle a 1 meter Fig. 5
long cavity. Fig. 3 shows the expected peak field that can be
reached with I Mwatt of power and a 5-cell cavity at the 1.3 GHz HPP Test Set Up
available pulse length. 1010593-01 A high power cold test set up shown in Fig. 6 was built.

E 1 Mwatt, 5 Iel cavity The high power enters the cryostat top plate (not shown)
> 0. r .. .... through a WR650 reduced height waveguide. A room
S60 0.2 etemperature teflon window above the top plate allows a

_____ vacuum in the waveguide. Near the bottom of the cryostat is a
u___0 _u_ _____ waveguide to coax doorknob transition, with an integrated

cylindrical ceramic window to isolate the high vacuum, cavity
10° 106 l region. The window was coated with TiN to reduce the

Coupler Loaded 0 secondary emisison coefficient. After fabrication, the VSWR

Fig. 3 of the input coupler was less than 1.6 between 1280 and 1320

Two 5-cell Nb cavities of the TESLA shape were built at MHz. The penetration of the antenna into the cavity is

Cornell. The accelerating mode properties of the cavity are adjustable by a copper plated hydroformed bellow in the outer

listed in Table 1 conductor. Qext can be changed from 105 to 1010 with 4" of

Frequency 1308 MHz travel. The sloued region of the outer conductor just above the
R/Q 1088 KI/m doorknob is connected to the cavity vacuum pumping line. To
..ED/Er I 2.1 check the microwave performance of the coupler, the BCS Q at
HI/Eacc 42 Oe/MV/m 4.2 K of a 1.3 GHz Nb cavity was measured and verified for

Table 1. different positions of the antenna.
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- - 1010593-014 was 70 MV/m for a 2-cell cavity, on applying 320 kwatts
Caviy (200 psec) and assuming that the Q0 during processing fell to

Coupling Adjust Plate 2x106. The maximum predicted field is very close to the
-Feed Wavegule experimental result (67 MV/m). The field level Ecw at which

the Q from field emission drops to 6x10 9 is 0.6 Epulsed.
-- Feed Antenla After the helium level problem was brought under control,

a 5-cell cavity was tested. Unfortunately, due to reasons not
Belws yet understood, the preparation was not as clean as we desired.

Both the low power Q and the field emission threshold were
significantly lower than our usual results. Fig. 8 shows three

- Vacuum Plenum Q vs. E curves. Although the initial field emission was heavy
Doorknob Tramition at 4 MV/m accelerating, with IPP we were still able to

process and reach about 10 MV/m accelerating. The maximum
4) Cylindrical Ceramic power applied was 300 kwatts, at which power the Epk reached

during the pulsed stage was 40 MV/m. Again this implies that
the Q fell to about 2x106 during HPP. We were not able to
couple more than 300 kwatts because we encountered severe
breakdown in the coupler.

Fig.6 o010, 1010595-013
LDPS-1 Test

COLD TEST RESULTSMA
One problem is that the top of a 5-cell cavity stands at 109 _ __

about 70% of the useable liquid helium reservoir height. Even 4 1 .... I 300kW
with several batch fill and pump down iterations, it was Initi ki Test

difficult to keep the cavity completely under liquid at 2 K. A PA r Processing
good solution to this problem was to pump down a 500 litre 108 , ,
storage dewar to 2.2 K and then transfer 2.2 K liquid across 0 5 10 15 2o
into the test cryostat. By this method the running time at 2 K Epeak Surface (Megavelts/Meter)

could be extended by many hours. While this solution was Fig.8
still being developed, it was decided to test the HPP method Two types of coupler conditioning events were seen in the
with the 2-cell cavity. 1.3 GHz HPP coupler. Between 10 and 300 kwatts the first

Fig. 7 shows three Q vs E curves for the test of the 2-cell type, called the staircase, was usually accompanied by severe
cavity vacuum degradation in the waveguide region. After some

a) The initial cw test with low power conditioning, it was possible to process this type of event,
b) after conditioning with cw low power only with improvement in vacuum and the return of the transmitted
c) after HPP up to 320 kwatts, 200 msec, maximum field rf power signal to the expected exponential decay. The staircase

67 MV/m. event would restart on raising the power. Above 300 kwatt, a

Mx1 1 1010593-012 second type of coupler event was encountered. Nearly all the
M32 EWe l3i5d V max @ C0 cc A 20 Vlm power was absorbed or reflected, so that very little power could

Q 320 w : s 0 v t Ell 2 /M be coupled to the cavity. Studies are in progress to determine
1010 -the location of the coupler troubles. So far, the teflon window

101 .........-.-. is exonerated, so the problem is originating from the cold end,
M- 0 0kW i.e. the window/doorknob/coax/bellows area.

Inlttl CW Test Low Powi rI
Coe ditls Ing Only CONCLUSIONS

10 9 All the equipment necessary to test HPP at 1.3 GHz has
0 5 10 1s 20 25 30 35 40 45

Epeak surface (MegavoltslMeter) been completed, installed and tested: 2 Mwatt klystrn, 200
Ftsec pulse length modulator, high power test stand, and

Fig.7 several multi-cell niobium cavities. The first test of HPP at
During pulsed power application, the maximum peak 1.3 GHz shows that the technique works against field emission

surface electric field reached was 67 MV/m. as expected, Eacc = 20 MV/m was reached. The processing
The 2-cell result confirms many of the aspects of HPP that power levels needed are as predicted from 3 GHz experiments.

were proved in the 3 GHz program. Field emission was Understanding the limitations of the coupler is the next step to
successfully processed away without damaging the low power overcome the present 300 kwatt limit.
Q. The maximum field reached during the pulsed stage shows,
as expected, that the Q fell to about 2x10 6 . The predicted Epk
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20 MV/m Accelerating Gradient with Heat Treatment
of a Six Cell, 1.5 GHz Cavity for TESLA,*

J. KIRCHGESSNER, P. BARNES, W. HARTUNG, M. HILLERt, D. MOFFAT, H. PADAMSEE,
D. RUBIN, D. SARANITItt, J. SEARS, Q. S. SHUttt, and M. TIGNER
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 USA

the transverse wakefields increase as BT-3 which makes it
SUMMARY more difficult to control multibunch instabilities and meet

In order to use superconducting RF accelerating structures alignment and vibration tolerances for the linac.
in the construction of a high energy linear collider, the The cavity shape that was manufactured and tested is shown
structures must be designed to meet specific goals. These in Figure 1.
include low peak surface electric fields, good higher order mode 1010493-001
power extraction from the ends, maximum accelerating
gradient and, above all, low cost per unit accelerating voltage.
Such a structure has been designed, manufactured and tested. R
Preliminary results have been reported.[11 The cavity was then Slope
mechanically braced with Niobium braces and then heat treated.
The final test gave 20 MV/m accelerating field. Details of OR
some difficulties encountered will also be presented at this
time. kin

INTRODUCTION BT
At this time in the development of superconducting RF UL/2 -

accelerating cavities, the accelerating gradient is limited by two Z
phenomena, electron field emission and thermal breakdown. Figure I.
The first of these makes it imperative to choose a cell shape The five independent variables describing the shape
that minimizes Epk/Eacc and the second phenomena to were as follows:
minimize Hpk/Eacc (the ratio of the peak surface fields to the OR, the outside radius.
accelerating gradient). As field emission is the dominant BT, the beam tube radius.
gradient limitation, there is considerable premium in lowering Lf2, the half length of the cell.
Epk/Eacc. The cell to cell coupling (K) is also effected by the NR, the nose radius, and
shape. This is true of the coupling of the HOM's as well as Slope, the slope of the straight wall segment
the fundamental TM0(10 mode. Because of this, the number of
coupled cells comprising an accelerating unit is limited. A The OR which primarily determines the fundamental mode
larger number of cells/module helps reduce the structure cost frequency is adjusted in all cases to obtain the desired
by reducing the number of couplers as well as by improving frequency. The 12 value is determined by the frequency as the
the filling factor for the machine. Another consequence of the particles to be accelerated must be kept in phase with the RF
cell to cell coupling in the TM0 10 mode is the relative ease of oscillations. Namely L/2 must be equal to 1/4 wavelength.
tuning the structure to achieve uniform accelerating gradient In order to minimize the number of couplers required on the
along the length of the unit. cavity module, the cells were polarized in a manner such that

both polarizations of the dipole modes could be damped with
DESIGN OF THE STRUCTURE one coupler.[2 1

In order to test our ability to produce an accelerating
structure which best meets the requirements of a linear collider, CONSTRUCTION
a series of calculations were made in which we tried to design The cavity chosen to best meet the stated requirements was
the shape of the structure which had the following properties: manufactured of 1.5 mm Niobium sheet and was 6 cells long.

-Low Epk/Eacc. The number of 6 cells was limited by the available furnace and
-Tolerable cell to cell coupling (K) in the TM010 mode. by the available testing facilities. The cell parameters are
-More than 5 cells/unit. shown in Table 1.
-Low cost.
-Tolerable Qext in all HOM's with couplers on the beam pipe. * Supported by the National Science Foundation, with

supplementary support under the U. S. -Japan Agreement
Although it is straightforward to reduce Epk/Eacc by t Babcock & Wilcox, Lynchburg, VA

reducing the beam pipe radius BT, this is undesirable because tt Now at Stanford University, Palo Alto, CA
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ttt Now at SSC Laboratory The cavity was retested at this stage and the results were
not very good. There was thermal breakdown at an Eacc level

_requency_ 1500 MHz of 8-10 MV/meter. This data is shown in Figure 3.OR(quaorRadius)(average) .48 (9.43 ends) cm

NoseRadius) 1.09 cm 1010493-003BT earnTube Radius) ;.56 cm 10 11 •• ,,. .

_love 70_degrees LTP6-After repairL/22( 1/2 cell length) 4.93 cm

Cupling K 1.8% O r~

EvkEacc 2.1 
It..i

RQ 69 ohms /cell 
•

Hk/Eacc _7 gauss/MV/meter 10 1 0 i
Length of Polarizing Segment 1.27 cm

'% Freq. Split of TM1 10 mode 2.9% (2.03 GHz)
R Freq. Split of TEI11 mode j.22% (2.02 GHz)

BD
Table 1

109 . .*. . . , .

TESTS OF CAVITY 0 5 10 15 20
This six cell niobium cavity (LTP6-1) was initially tested Eacc (MeV/m)

twice. In both tests the structure reached fields of Eacc= 18
MV/meter with considerable field emission, but final thermal
breakdown. These tests were reported in Reference 1 and the Figure 3
curves from these tests are shown in Figure 2. After a heavy etch to hopefully remove the apparent new

defect, the cavity was fired for four hours at 1500 deg. C in a
1 1010493-002 standard titanium lined niobium box.[31 After firing, the

101 •.,........ ... structure was rinsed, but the titanium was not chemically
removed from the outside of the structure. In this test, the Eacc
value achieved was 15.3 MV/meter. The results of this test is

Q shown in Figure 4.
10 1 11010493-004

1011 II II . . ..
1010. : LTP6-After 1st HT

109
First LTP6-1 Tests BD 1010 IL

0 5 10 15 20
Eacc (MeV/m)

Figure 2 BD
In order to reduce field emission we wished to vacuum fre 10o

the structure. Because the cell walls were only 1/16" thick, 0 5 1 0 1 5 20
three longitudinal braces were welded to the equator of each of Eacc (MeV/m)
the cells to prevent distortion during firing and collapse during
later tests.

In the process of welding on these braces, a gun arc in the Figure 4After this test the field flatness was measured to see if the
EBW (electron beam welder) melted a 1t2" diameter hole in firing had detuned the cavity. The Emax/Emin cell ratio was
one of the cells. A very careful repair was made and when the measured to be 1.9. This value of cell to cell field variation is
cavity was remeasured at room temperature it was found to excessive. During the firing the braced cavity was suspended
still retain adequate tune of all cells to give a level field from the top beam tube. This caused the top end half cell to be
profile. deformed by the force applied to it while the niobium was in

the hot, softened condition. It was found that by tuning only
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the top half cell, that had taken all the cavity weight, the cell
fields could be completely leveled.

After this first heat treating, the field level in the cavity CONCLUSIONS
was still not quite as high as the field achieved in the first Several important lessons were learned in the course of the
tests. In an attempt to push to higher fields, the cavity was experiments on this cavity structure. They could be listed as
again chemically etched and fired for 4 more hours at 1500 C. follows:
After firing, the cavity was tuned in the clean room. This was • The ratio of Hpk/Eacc must be watched when the
followed by a Methanol rinse followed by ultrasonic cleaning cell shape is designed. Since the time when this cavity shape
with Methanol, then a final Methanol rinse, was developed a new shape has been developed for TESLA

After mounting, the cavity was again tested and the results which does not suffer from this high value of Hpk/Eacc.
are shown in Figure 5. - Sometimes a very good result is achieved on the

101043-005 first test.

1011 10... 10493-005 ........... ... Bracing of the cells is very effective in stabilizing
the parts that are braced.

- Furnace treatment with Titanium is effective in
increasing RRR and, therefore, raising the thermal breakdown
limits.

* Very extensive repairs may be made on the cells
10 E . with no long term bad effects.

101 Chemical cleaning of the structure seems to
completely restart history in terms of the surface field
emission behavior.

- Polarized cells seem to exhibit no different behavior
in the TMoIO mode by virtue of being polarized.

* Careful records were kept of the costs of the
1o9 LTP6-1 After 2nd HT manufacture and treatment of this structure. The total was less

than $6000.
- Bead pull measurements can be made on a cavity in

a clean room, under clean conditions without introducing
excessive field emitters that are difficult to remove.

108 . The experiments with this structure were important steps
0 5 10 1 5 20 in the process of achieving high field, low cost

Eacc (MeV/m) superconducting linear collider cavities.

Figure 5 REFERENCES
As can be seen, the field level of Eacc= 19.5 MV/m at a

very good Q value was finally realized. [I] J. Kirchgessner et. al., Proc. 1991PAC, San Francisco,
F2426
2] J. Kirchgessner et. al., Proc. 1989 PAC, Chicago, p 479

[3] Q. S. Shu et. al., Proc. 1989 PAC, Chicago, p 491
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A New 50 MHz RF Cavity for Aladdin*
Kevin J. Kieman

Synchrotron Radiation Center, University of Wisconsin - Madison
3731 Schneider Drive, Stoughton WI 53589 USA

Abstract
The 50.58 MHz RF system for the Aladdin synchrotron

light source at the University of Wisconsin - Madison has
been upgraded with the installation of a new aluminum RF
cavity. The new cavity is a foreshortened quarter wave type
designed to eliminate multipactoring under high field
conditions by incorporating a toroidal shape for the short
circuit end[ 1]. Rigidity and ease of construction are enhanced
by machining critical components from solid aluminum __

instead of using welded assemblies. A novel diaphragm tuner
was incorporated to avoid the introduction of tuner modes.
Drive power is coupled through a loop in air using a ceramic
thimble for vacuum isolation. Coating of surfaces in the gap
region with titanium made penetration of the first order
multipactor region very easy and has eliminated all higher
order multipactoring in the accelerating gap.

I. INTRODUCTION
The original Aladdin RF cavity was an aluminum quar-

ter wave coaxial resonator. The cavity was installed in one of
the long straight sections provided in Aladdin to allow the
installation of insertion devices. Aladdin is now developed to
the point where it is desirable to free the RF straight section pieces give the cavity excellent rigidity. Assembly of the
for the installation of an insertion device as all three of the cavity was also facilitated because of the smaller number of
remaining sections are already committed. The old cavity also welds required. The high precision of the machined pieces
had high field multipacting problems when operating above also made the remaining welds easier to perform.
100 kV. For these reasons a new cavity was built which
would fit into a smaller space and be capable of operating at Frequency 50582 MHz
higher fields without difficulty. Shunt Impedance 800kQ

Q(unloaded) 13000
II. CAVITY DESIGN Tuning Range 250 kHz

A. General Max. Gradient 120kV
The new cavity (Fig. 1) was designed with the URMEL Max. Cavity Loss 1 9 kW

code. The cavity parameters are listed in Table 1. The shunt
impedance and Q are approximately the same as the old cay- Table 1. Cavity Parameters
ity. A large tuning range is required because Aladdin is B. Thermal Design
operated with low RF voltage at injection[2]. Substantial The small size of the cavity results in high power densi-reactive compensation is required under high beam loading ties, especially in the stem and inner portion of the toroidal
conditions. The RF input coupling loop is in air and is iso- end section. In addition, the large capacitive loading required
lated from the cavity vacuum by an alumina thimble that to resonate such a short cavity makes the resonant frequency
protrudes into the cavity. The thimble was given a light very sensitive to dimensional changes in the inner stem. For
coating of titanium to prevent multipactoring. these reasons the design of the cooling passages for the stem

The cavity was constructed from 6061-T6 aluminum. It was approached with a great deal of care. Finite element
is built in three sections using aluminum wire seals that models of the cavity temperature distribution were used to
function both as vacuum seal and RF contact. Wire seals are determine the location of cooling passages and their flow
also used in transitions to the stainless steel vacuum chamber rates. Simulated heat loads were applied using data from
of the ring and to seal the titanium thimble flange. The short URMEL power distribution plots. The effects of various
circuit end of the cavity is constructed with a toroidal cross cooling configurations were modeled and used to calculate
section to suppress multipacting at high fields. Areas such as cooling c nfigurations were used to
the loading disc, stem core and toroidal end section that optimize the cooling configuration.
required extensive cooling were machined from solid The use of a double helix heat exchanger for the stem
aluminum with integral cooling passages. The machined gives maximum water contact to the inner skin of the stem

and allows a single water path to cool the stem and end
Work supported by the NSF under contract DMR-92-12658
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loading disc. The helix core is machined from bar stock with D. Anti-multipacting Coating
a hole bored in the center forming the beam aperture. Low field multipacting is a serious problem in alumi-

A spiral heat exchanger cools the rear of the cavity. A num cavities. Initial conditioning of a bare cavity of this type
cooling passage is machined into a plate that is welded into a is nearly impossible due to the large areas that need to be
recess in the cavity end section. The inner portion of the conditioned. To suppress multipacting, the accelerating gap
toroidal section is cooled by the stem core. This is the most and coupler port were coated with a layer of titanium that was
difficult area to access and also has a high thermal load. applied by sublimation. Titanium wire held in a rotating fix-
Having the end section machined from a solid plate makes ture was used for the gap and a commercial sublimator was
cooling this area much easier. used for the loop port. Processing consisted of sublimation at

Heat loads are much more reasonable on the outer shell a moderate rate for about 15 minutes at -10-5 torr followed by
and outer portion of the end section. A single cooling tube set backfilling with N2 . The composition of the final coating is
into a groove in the outer diameter of the end section is probably more oxide than nitride but this does not seem to
sufficient to cool it. The outer shell is cooled with two hoops affect its performance.
of tubing clamped into shallow grooves in the shell. This procedure gave excellent results. Without the
Convection over the large shell surface provides additional coating breaking through the first multipacting level at about
cooling. The heat load on the gap end plate is so low that no 500 V took over a day with pulsed drive. With the coating
additional cooling is required. breakthrough can be achieved in about one hour using low

The end result of this effort is a rigid, well-cooled cavity power CW drive. Without the coating higher order levels
that shows very little sensitivity to vibration or water flow were observed in the 5-10 kV range and the conditioning did
noise. Detuning of the cavity due to RF heating is less than not seem to be permanent. With the coating no high order
25 kHz at maximum power. levels were observable provided the coating thickness was

C. Diaphragm Tluner adequate. No degradation in the coating effectiveness hasC. Daphrgm Tnerbeen observed over time. Re-conditioning after vacuum cy-
It was desired to tune the cavity by a method that did not cling appears to behave similarly to initial conditioning. No

introduce additional HOM's or use sliding contacts. A large hig field disbharesithat di not condition a r

tuning range was also required. A segmented capacitive dia- high beld 150 kc.

phragm covering part of the accelerating gap was designed. It dent below 150 kV.

is constructed from 250 gmn beryllium copper and incorpo- E. Vacuum
rated into the gap end plate (Fig. 2). The diaphragm was The vacuum system of the new cavity consists of a 220
plated with 50 pam copper to increase its electrical and I/s ion pump mounted on the bottom of the cavity. The pump
thermal conductivity. Less than 10 W is dissipated in the port is equipped with a grid that carries the RF current in the
diaphragm at maximum power so it is cooled by conduction cavity wall. This also prevents coupling of the pump modes to
to the aluminum end plate. The diaphragm segments are held the cavity. A titanium sublimation pump is attached to the
in place by retaining rings on their inner and outer diameters, bottom of the ion pump to assist in pump down. An RGA
The inner ring is attached to a section of tubing that acts as head is attached to the roughing port to provide in situ leak
the actuating link as well as providing the beam aperture. checking and vacuum analysis capabilities.

Axial displacement of the diaphragm is permitted by Aluminum cavities require more care in vacuum prepa-
incorporating an S-shaped section near the center of each ration than copper cavities. The porous coating formed on an
segment. The tuner is driven by axially moving the beam pipe aluminum surface can adsorb large quantities of water. This
attached to its inner diameter. A pair of bellows isolates this makes it necessary to perform a thorough bakeout in order to
motion from the cavity and the rest of the ring. The bellows obtain the lowest possible pressure. The cavity was baked for
next to the cavity is automatically shielded from RF by the one month at 150°C. After baking the pressure was 4 x 10-10
beam pipe that passes through it. torr. Operation at full power results in a pressure in the low

10-9 range.

III. HOM DAMPING
Higher order modes are a concern in Aladdin due to its

low injection energy. Radiation damping is so weak that it is
practically impossible to eliminate coupled bunch instabilities
at injection. The method used to attack this problem in the
new cavity was to concentrate damping efforts on modes that
have the potential of causing the most trouble for injection, in
order to minimize injection difficulties. The injection bunch
length of 5 ns means that modes below about 500 MHz are
the most important ones to damp. The cavity design helps in
this because it has no modes below 235 MHz. However, the
use of a low frequency cavity means that high frequency
modes (-1 GHz) which are potentially troublesome at the
operating energy are very numerous and difficult to attack
without knowledge of how the system performs with beam.

Figure 2. Diaphragm tuner installed in cavity end plate
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Figure 3. Cavity HOM spectrum with and without damping loads installed

HOM damping is accomplished using four damping
antennas inserted radially through the outer shell of the IV. PERFORMANCE
cavity. Axially oriented antennas were precluded by the The cavity was installed in January 1993 and has per-
design of the end section. Two antennas damp modes in the formed well. Injection performance is much better due to the
500 MHz region with two additional antennas cut for 235 elimination of a severe coupled bunch instability caused by
MHz and 375 MHz. The position of the antennas was low frequency HOM's in the old cavity that made stacking at
determined using URMEL field plots. Coupling of the high currents difficult. Operation at 800 MeV has revealed a
fundamental mode to the antennas is reduced by terminating coupled bunch mode that appears to be caused by a mode in
them in tuned coaxial stubs which also allow some the cavity at about I GHz. Future experiments are planned
adjustment of the damping at particular frequencies. using microwave absorbing materials in the coaxial feedline

The antennas are constructed from commercial U14V to the cavity to damp some of the high frequency modes via
copper tube feedthroughs with machined copper tips. The tips the RF input coupling loop. Tests have shown that damping
arc attached by hydrogen brazing with AgCu eutectic. The can be achieved in this way without dissipating a large
antennas are cooled with water from a tube that runs down amount of power at the fundamental frequency. The absorber
their central bore. The tuning stubs allow easy separation of might possibly be able to serve another function as a damping
the water and RF paths. element for the RF power amplifier, suppressing unwanted

Figure 3 shows the HOM spectra of the cavity with and resonances in the anode circuit when the cavity is off
without damping in the frequency range from 200 to 1200 resonance.
MHz. The damping is very effective up to about 700 MHz.
The tuning of the antenna stubs was adjusted to optimize the V. REEE NCES
damping over the low end of the frequency range shown. I 81 R. Boni et al., IEEE Trans. Nucl. Sci. NS-32, No. 5,2815 (1985).

121 K. Kleman, these proceedings.

926



Performance of a CEBAF Production Cavity after
High-Temperature Heat Treatment*

P. Kneisel and M. G. Rao
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News ,Virginia 23606

Abstract material like titanium [5), will significantly improve the
CEBAFs production cavities are tested in a vertical thermal stability of such cavities, and gradients can possibly

configuration after appropriate chemical surface treatment be shifted towards higher values [61.
prior to installation into the accelerator. The performance of In the following sections we report about experiments on
these cavities is excellent, often exceeding the specifications a 5-cell CEBAF production cavity, which had been post-
of Eacc=5 MVhn at 2 K by factors of 2 to 3. In such cases the purified after initial testing.
cavities are often limited by thermal-magnetic breakdown. A
cavity that exhibited a limiting gradient of EaCC5 16.4 MV/m 11. EXPERIMENTAL
has been heat-treated at 14000C for 6 hours in the presence of
titanium as a solid state gettering material to improve the A. Cavity Processing
thermal stabilty of the niobium. After the heat treatment a For the investigations reported here, production cavity
gradient of Eacc=20.5 MV/m corresponding to a peak surface IA080 manufactured from high-purity niobium with RRR >
electric field of Epeak-5 2 MV/m has been measured. In 250 was used. For the baseline test the cavity received the
addition to the cavity results, data on thermal conductivity and standard removal of a surface layer of - 60 pm by buffered
tensile properties of samples which have undergone the same chemical polishing followed by an ultrapure water rinsing
treatments as the cavity are reported. combined with ultrasonic agitation over a period of 1 hour

with several water changes in between. Assembly of the
L INTRODUCTION external cavity parts like rf window, gate valve at one beam-

pipe end, blank-off plates and rf coupling ports took place in
Superconducting niobium cavities for accelerator the class 100 production clean room after a threefold rinsing

application are presently limited in their high-gradient of the cavity with reagent-grade metuooL
performance by either field emission loading or thermal- In preparation for the heat treatment in the KfK-furnace,*
magnetic breakdown. the cavity was again slightly chemically polished (- 5 pm of

CEBAFs 5-cell production cavities--even though they material removal) and then enclosed in a TIMNb foil assembly
perform excellent and exceed the design gradient of Eacct with a titanium foil arrangement on the inside of the cavity as
5 MV/m on the average by a factor of- 2-are in 20% of the indicated in Figure 1. Stiffening bars of niobium on the cells
cases limited by quenches, more often by strong field were used to avoid cell deformations, and spacer pieces of
emission loading [1]. niobium at the beam-pipe ends were used as a precaution to

It is generally accepted that field emission loading is avoid direct contact between the inside titanium foil and the
caused by artificial contamination of the sensitive cavity cavity surface. This assembly was beat-treated at 14000C for
surfaces due to handling and assembly procedures or by 6 hours in an ultrahigh vacuum; after 4 hours at this
intrinsic emitters embedded in the surface. In several cases it temperature, the vacuum had improved to 3 x 10-9 torr.
has been shown that the severity of the field emission can
successfully be reduced by improved cavity handling and
cleaning techniques like e. g. "closed chemistry" [21, high-
pressure rinsing with ultra-pure water (3], high-temperature
heat treatment or high-peak-power processing [4].
Nevertheless, cavities made from presently commercially Thrm

available high-purity niobium of RRR - 250 to 300 become
thermally unstable if a signifant amount of rf heating is
generated at microscopic defects. Such defects as foreign
material inclusions, weld imperfections, chemical residue
from surface treatments, surface irregularities or dust and
debris on the surface limit quench fields to ! 90 mT
corresponding in a typical accelerating cavity to < 20 MV/m.
Improvement of the thermal conductivity of the wall material, ,,,eam
which can be achieved by high-temperature heat treatment in Figure 1. Experimental setup for post-purification of the 5-
an ultrahigh vacuum in the presence of a solid state gettering cell niobium cavity with titanium.

*This work was supported by DOE contract DE-ACOS-84ER40150 *Kernforschungszentrum Karlsruhe, Germany
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Unfortunately, the cavity tilted at the high temperature Table I
because of improper support in the furnace, and portions of Tensile Properties of Post-Purified Niobium at 293 K and
the inner titanium foil got in contact with the two lowest irises 4.2 K.
of the cavity. This caused some problems as discussed in the JyS = yield strength. TS = tensile strength I
next section and made it necessary to heavily chemically treat
die cavity. T [K] As received Heat treated

B. Cavity Testing YS -ksil T [kil M YS -sil TS -I

Before fast cooldown within -1 hour the cavity was
evacuted to a pressure of < 6 x 10-7 torr after the assembly; 293 14.5 23 42% 5.9 14 48%
the external static magnetic field in the vicinity of the cavity , - -

was shielded to better than 10 mGauss by an active 4 2 130 131 <1 t 102.8 21.8%
compensation coil and a t- metal layer.

During the experiments the temperature dependence of *Serrations started before reaching 0. 2 offset yield
the surface resistance was measured between 4.2 K and 2 K
and data for the dependence of the Q-value on the cavity fields B. Q-Value and Gradient Measurements
were taken. In the baseline test of the non-beat-treated cavity a Q-

value of Q0  1.7 x 1010 was measured at 2 K. From the
HIL RESULTS AND DISCUSSION temperature dependence of the Q-value a residual resistance

of 6 nQ was calculated; field emission loading started in this
A. Measurements on Samples test at Eacc - 9 MV/m after some processing at lower field

Niobium samples for tensile testing and for thermal levels had taken place. A maximum gradient of Eacc=15
conductivity measurements were placed inside the cavity MV/m was measured limited by a Q-degradation at a
during the heat treatment. For the thermal conductivity two dissipated power level of - 60 W. In the 4x/5-mode magnetic
different thicknesses for the test samples were chosen, breakdown was observed at a stored energy in the end-cell,
simuilaing the material thickness of a cavity cell (3.2 mm) and which would be equivalent to 16.4 MV/n in the i-mode.
of a weld (1.6 mm). Figure 2 shows the thermal conductivity As mentioned earlier, during the heat treatment of the
of both samples: at 4.2 K the values are 294 W/mK for the cavity the inside titanium foil got attached to the two irises
thin sample and 214 W/mK for the thicker sample. These closest to the higher-order-mode coupling waveguides due to
values represent an improvement of a factor of 3 to 4 over the deformation of the cavity. Therefore--after the cavity had
starting material. mechanically been straightened out and the frequency, field

I02 .................. . ...... profile and Qext of the fundamental power coupler had been
readjusted--4he suspicious areas of the defective surface were•1 6 "RRRtu 1175

S/1"-6 mechanically ground. Subsequently, 50 pm of material were
-- chemically removed from the surface prior to the first test

after the heat treatment. The result of this experiment was
"""10 quite disappointing: The Q-value at 2 K was only - 4 x 109

and the cavity quenched at Eacc=6 .5 MV/m. In the next two
• tests additonal mechanical grinding was done and niobium

/ was chemically removed in steps of 25 pIm. Each time some
MC improvement in the cavity performance was observed.0 100
0 Because of an uncontrolled exposure of the cavity surface to

-. air after initial evacuation, rather strong field emission loading
was observed in test #3a starting at Eacc - 7.5 MV/m. The
cavity was taken apart and only rinsed with a high-pressure jet

-- 10' ............................................. of ultrapure water, resulting in an improvement of the
10010' obtainable gradient to Eacc - 14 MV/m. No radiation was

Temperature (K) observed even at this gradient; the degradation of the Q-value
Figure 2. Thennal conductivity of post-purified niobium. seemed to be caused by heating of some areas on the surface,

presumably some spots of titanium or NbTi as a result of the
Table I summarizes the results of the tensile contact between cavity surface and Ti foil. The effectiveness

measurements carried out with a cross-head speed of -0.13 of the high-pressure rinsing had been demonstrated prior to
mm/mim. The sample at 293 K showed a ductile fracture, this experiment on several tests with a single-cell cavity,
whereas at 4.2 K a brittle fracture occurred. Nevertheless, the which consistently resulted in peak surface fields of
heat treated sample showed a dramatic increase in the Epeak > 50 MV/m without any signs of field emission loading
elongation to 21.8% in comparison to the non-heat-treated
material, which fractured at < 2% M7].
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10" performances have been achieved with non-heat-treated
materiaL But the quench fields in these cases vary over a

A NO pommor rmonk &- wide range of values as experienced at CEBAF [1l. Chemical
+ bap. ad&. 25 maw'an-view
* p eL 23 momn m treatment after post-purification in combination with high-

p* psur pure water rinsing seems to be a very useful method
1o0 to reduce field emission loading up to peak surface fields of

S-- -Epeak-5OMV/hn. In optimized cavity geometries with a ratio

k ,te•t 5 of Epeak/Eacc€2, such fields correspond to gradients of

btest Eac-25 MV/m, which are needed for future lna collider
test 4 p em.
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In two subsequent tests additonal material (25 m each VI. RFERENCES
time) was removed followed by 1 hour of high-pressure [11 C. Reec P. Kneisel, 1. Mammosser, "Performance of
rinsing at 8.3 MPa. These tests are labeled as #4 and #5 in Production SRF Cavities for CEBAF," these
Figure 4. Each time the gradient improv- . a no or very proceedings.
little field emission loading occurred. The decrease of the Q- [2] B. Bonin, "A New Surface Treatment for Niobium
value beyond 16 MV/n in test #5 is prop•,-tional to the square Superconducting Cavities,"e Tproceedings.
of the cavity field and hints agaip to somde heating. probably S3 u Ph. Bernard, et a v., Superconducting Niobium Sputter-
occurring at remaining spots of Ti contamination. Even at the Coated Copper Cavities at 1500 MHz," Proc. 1992
maximum gradient of Eacc= 20 .5 MV/m, corresponding to a European Part Ac. Conf., pp. 1269-1271
peak surface field of Epeak - 52 MV/m, the highest field ever [4] J. Graber, "Overview of Results of the HPP
achieved in this type of cavity, only very little X-radiation was Thperments," Report SRF 930128. Lab. NucL Studies,
observed. At this field level the cavity could tolerate a 100 W Coeril Umversity, NY (1993).
without thermal instability. In the 4 t/5-mode the end cells of o P. Kneisel, "Tl e Use of the Titanium Solid State
the cavity could tolerate a stored energy equivalent to 28 Gettering Process for the Improvement of the
MV/rn in the x-mode. Performance of Superconducting RF Cavities," Journ.

B. Additional Measurements Less-Comm. Metals, 139, 179 (1988).
Prior to the post-purification. the pressure sensitivity of (6] H. Padamsee, "Calculations for Breakdown Induced bythe cavity between 760 tort and 23 tohe was measured to be "Large Defects" in Superconducting Niobium

68.8 Hvtorr. in the f6rst tost ande2 the weat treatmentd this Cavities," IEEE Trans. Mag., MAG-19, 1322 (1983).
value had increased to 77.4 Hz/tohe. Thie change can be [7] P. Kneisel, et aL, "Superconducting Cavities from High
valtbutehd i ato 77.4 thinn/tgo rrf thewa aterial ch e cn be Thermal Conductivity Niobium for CEBAF," Proc. of
attributed to the thinning of the wall material due to the the Conf. on Electron Beam Melting and Refining,

additional chemical treatment after the post-purification.
The response of the cavity frequency to the static (1990), pp. 177-188.radiation pressure was measured in the range 5 MV/rn th Eacc (8] P. Kneisel, B. Lewis, L. Turlington, "A High Pressure

< 20 MV/rm and resulted in a value of 4f/E2 fi3.1 Ultra Pure Water Rinsing System for Niobium
<20 MV/ma2 " Cavities," CEBAF Tech. Note TN #93-029.

IV. CONCLUSIONS

Post-purification of the presently commercially available
high-purity niobium with a solid state getter material like
titanium can improve the thermal stability of accelerator
cavities significantly. This might be necessary for future
high-gradient applications, even though very good cavity
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Suppression of Higher-Order Modes in an RF Cavity
by Resistive Material

Tadashi Koseki, Masaaki Izawa* and Yukihide Kamiya
The Institute for Solid State Physics, The University of Tokyo, Tanashi, Tokyo 188 Japan

*Photon Factory, National Laboratory for High Energy Physics, Tsukuba, Ibaraki 305 Japan

Abstract suppress the coupled-bunch instabilities. Furthermore,
a simple cavity structure is preferable for reliable oper-

A new 500-MHz cavity which has a simple damped ation. We have designed an RF cavity and carried out
structure for the 1.5-GeV VUV ring will be presented its low-power test with the prototype model. The spe-
in this paper. The feature of the cavity design is that cific features of the present cavity are that a beam-duct
higher-order modes(HOMs) propagate out from the cay- with large diameter is attached to the cavity and that a
ity through the beam-duct with a large diameter and part of the beam-duct is made of the resistive material.
are absorbed in resistive parts in the duct. A low power Since the frequency of accelerating mode is sufficiently
measurement on a prototype model of the cavity has below the cutoff frequency of the beam-duct, the accel-
been carried out and the Q-values of HOMs are con- erating field is fully trapped in the cavity. On the other
firmed to drastically reduce. Thus the coupled-bunch hand, the HOMs, which can propagate out of the cay-
instabilities due to HOMs are expected to be sufficiently ity through the beam-duct, are damped by the resistive
suppressed. part.

IntroductionIntrodctionDesign Consideration
A high-brilliant synchrotron radiation source for soft

x-ray and VUV experiments is being designed at ISSP of
the University of Tokyo in collaboration with the Photon Four cavities made of copper will be installed in a

Factory at KEK. The storage ring with an energy of long straight section of the VUV ring. They are re-
1.5 GeV has a circumference of 240 m and twelve long quired to generate an RF voltage of 1.4 MV in total.

straight sections for extensive use of insertion devices. It To maintain the dissipation power for each cavity be-

is aimed at obtaining a low emittance of several nm.rad low 40kW, it is desirable that the cavity should have

and a maximum beam current of 400 mA. The main the shunt impedance of more than 6 MfQ. The cavity
oarameters of the storage ring are summarized in Table shape was optimized using the computer codes of SU-

PERFISH and URMEL. In this calculation, the power
loss of HOMs on the wall was estimated by taking into
account the conductivity of resistive material.

Table 1: Main parameters of the ring. The schematic of a quadrant of the designed cavity is
shown in Fig. 1. In this design, the conductivity of the

Energy [GeV] 1.5
Circumference [m) 236.4
Superperiod 12 0,
Length of straight section [m] 7.0 V
Maximum beam current [mA] 400 200

Natural emittance [m.rad] 6.4 x 10-9

Energy spread 5.8 x 10-i ,o-O,,..
Momentum compaction 1.5 x 10-3 2r

Energy loss/turn [keV] 90.2 L _

RF frequency [GHz] 497.12 0 100 200 0 0 o 0 0
Harmonic number 392 ,mm,
Number of RF cavities 4 Figure 1: Schematic view of the cavity.
Momentum acceptance(ZAp/p) [%] ±3.0
RE' voltage [MV] 1.4 resistive material was assumed to be 100 (f0m)- 1 . The
Bunch length (mm] 3.5 small nose cones are introduced to the cavity not only to

increase shunt impedance of accelerating mode but also
to prevent the accelerating power from being absorbed in

Because of its relatively low beam energy and pro- the region of resistive material. We obtained the shunt
posed high beam current, very low impedances of higher- impedance R, of 7.75 Mf and Q-value of 44000 for the
order modes are required for the accelerating cavity to accelerating mode.
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Figures 2 and 3 show the longitudinal and transverse 20 _-_-_

coupling impedances of the HOMs in this cavity, respec-
tively. The critical impedances in these figures denote ' 6
the impedances, above which a coupled-bunch instabil-
ity may occur at the beam current of 400 mA. Most of ,
HOMs, whose frequencies are higher than the cutoff fre-
quency of the large beam-duct, are absorbed by the resis- .
tive material and their impedances become smaller than
the critical impedance. For some survived HOMs, hav-
ing high Q-values, the coupled-bunch instabilities will
be suppressed by a detuning of resonance frequencies of
the cavity[l]. 0.. .02 .0, o o, 0 2 03

o00I I I W I m

d n Figure 4: Field distribution of the fundamental mode.
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Figure 2: Longitudinal HOMs in the cavity. 0 20 o ,o 6 o a 0
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lox I. Figure 5: Loss parameter of the SiC-duct.

100 a. and some of transverse HOMs. The measured field dis-

SWo-1 "tributions well agree with those calculated by URMEL.
The resistive duct is 135 mm long and is made of

St sintered SiC (TPSS, TOSHIBA CERAMICS). From Q-
-0~ r- -- ] measurement of the SiC-duct, the conductivity of the

S~SiC was estimated to be 250--500 (ftm)-' in the fre-

1•o- quency region of 1.5 GHz to 4.5 GHz. As shown in Fig.
1, two SiC -ducts were installed each side of the cavity.

Sto-4 The Q-values for Al- and SiC-duct are summarized in
Table 2, where the measured and calculated Q-values

1 are denoted as Qm and Q•, respectively. Assuming the
'°05 o 5oo 1000 -500 2000 2500 conductivity of Al alloy as 2.OxiO0 (Qm)-' and that

Frequency (.. z) of SiC as 333 (11m)-1, most of measured Q-values are

Figure 3: Transverse HOMs in the cavity, consistent with calculated ones in both cases of the Al-
duct and the SiC-duct. As seen in this table, strong
reduction of Q-values were observed for the SiC-duct.

Low power measurements The conductivity of the sintered SiC is slightly larger
than the required value in the design stage described

A prototype cavity of the same size as in Fig. 1 was in the previous section. Therefore some of the HOMs
made and its low power test was carried out. The proto- are not damped sufficiently. However if we use a little
type was made of aluminum and two types of beam-duct high-resistive SiC, we will be able to damp these HOMs
were prepared for the test. One is made of aluminum enough to suppress the coupled-bunch instabilities in the
and the other of sintered SiC. The RF characteristics VUV ring.
of both fundamental and HOMs were measured using a We measured the loss parameters of the SiC-duct
network analyzer ( HP8510C ). by using the network analyzer in a similar method de-

Figure 4 shows the field distribution of the fundamen- scribed in refq4]. The results are shown in Fig. 5. The
tal mode in the case of Al-duct. It was measured with solid curve is the loss parameter k, calculated by[5;
the method of the perturbation technique[2],[3] using
metallic sphere of 10 mm diameter. R,/Q, calculated
from the field distribution, was 168 Q and the calcu- k,(a) = (,)}e--"d6, (1)
lated value by SUPERFISH was 177 f. We measured 7r

the field distributions of all longitudinal HOMs, whose
frequencies are below the cutoff of the ¢80 mm duct, where rb is the bunch length. Z(w) is the impedance of
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Table 2: Summary of Q-values for Al- and SiC-duct. the duct written as[6]

Al-duct SiC-duct Z(w) = (1 + 0,L (2)

Freq.(MHz) Qmo Q Qm Qe Here 6 is the skin depth, a the conductivity of the duct.
Longitudinal mode L and b are radius of the duct and its length. The con-
496.466 24000 25000 24000 25000 stant conductivity of 333 (9m)-' was used in this cal-
790.908 22000 22000 21000 22000 culation. The measured loss parameters well agree with
1153.14 32000 35000 31000 34000 this simple calculation.
1308.64 32000 33000 33000 33000 The wall heating due to ohmic loss in the SiC-duct

become serious for a short bunch such as in the VUV
1362.33 `4000 27000 23000 25000 ring. At the bunch length of 11.7 ps ( 3.5 mm ), which
1660.16 IOOO 24000 100 110 is the design value of the VUV ring, the loss parame-
1662.73 18000 23000 - 120 ter calculated by Eq.(1) is 0.12 V/pC per one SiC-duct.
1710.64 24000 27000 290 300 Here, the conductivity of the SiC-duct is assumed to be
1729.52 22000 24000 200 200 100 (Q2m)-1. In addition, since there are HOM losses
1754.68 23000 25000 350 310 due to cavity shape, the problem of the wall heating be-

1786.33 29000 31000 690 570 come more serious. In our rough estimation of the HOM

1801.78 40000 42000 690 590 losses, cooling system for the SiC-duct is necessary.

1852.60 24000 27000 290 270 Near-future plan
1869.72 24000 28000 320 280
1968.67 - 30000 320 270 Another type of SiC-duct with the conductivity of
1995.71 24000 26000 300 240 about 5 (Qm)-' will be tested and a comparison between
2067.31 33000 33000 350 390 these two type of SiC will be made in detail. Then the

2127.39 28000 28000 320 290 shape of the cavity, especially the position and length
of the SiC section will be optimized furthermore. We

2160.14 23000 28000 350 360 also intend to investigate the effects of tuner and cou-
2177.43 - 26000 - 1100 pier on the RF characteristics by using the prototype
2232.61 29000 29000 510 450 cavity. The vacuum test of the SiC-duct is also now in
2292.61 - 27000 340 310 progress.
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A COAXIAL-TYPE ACCELERATING SYSTEM WITH AMORPHOUS MATERIAL

V.A. Krasnopol sky
MRTI, Russia, 113519

Abirtact
In order to accelerate low-energy protons and P--•o 7, (Wt-9Z) (3)

heave-ions, a wide accelerating frequency range is
necessary. Such applications of accelerating structures with _

amorphous cores loaded cavity have been studied by several A/_f - 1 2 77a A)
laboratories. In this article a method of computation the
impedance of a coaxial cavity loaded with amorphous toroidal where
cores is described. In this computation is shown, what a
dominant role is played by the skin-effect in a core with a __-o Q .- o (c + s, i / )
foliated structure. As a result of an analysis of electric

and magnetic fields distribution, the cavity impedance is
computed. The impedance depends on capacity and magnetic A s- J )6 B A /IV (°•(EM)
permeability, having real and imaginary parts. These parts " I
depend on frequency, the sheet thickness, conductivity, and 2
on permeability of the material at zero frequency. It is 2 = W 2 l'. -_JI-(s 9,-- --

important that this impedance say be stabilized in same

frequency range. Applications of accelerating systems of
this type are discussed in different cases.. f s 5 s- 2 .

1. INTRODUCTION /.9 LO .s - are magnetic permeability at zero
frequency, dielectric permeability and conductivity in

A very high magnetic permeability of amorphous metals layer: F01oa MVo,I - are the Bessel functions; A /s., -

permits to use it in various accelerating systems [11,C21. are constants for the layer; .T - is the current in the
In these systems a coaxial cavity lauded with amorphous inner tube.
toroidal cores having a foliated structure is used. In case
of homogenous material with zero conductivity having
constant magnetic and electric permeability in a
coaxial-type cavity, electric and magnetic fields in most
part of cavity have only EA,- and Hy' components on T mode. -

But in case of amorphous toroidal cores with a foliated
structure and non-zero conductivity the longitudinal
components electric field Ez and current 3Z are I
preseited too. As a result electromagnetic fields are
non-uniform in each layer of metal. This skin-effect is

small usualy in low frequency transform, but it can play a
dominant role at radio-frequency range. As a result of the
analysis of electric and magnetic fields in layers of the
metal and in isolation between layers the input cavity
impedance will be calculated over wide frequency range.

If. ANALYSIS OF THE FIELDS AND GENERAL RESULTS

The coaxial cavity with the foliated structure is shown I I LiII
in Figure I. The time harmonic azimuthal symNetric mode must
satisfy the Maxwell equations which can besolved in locai: C-.
la.e-s of metal or isolation. 0

E2z= (,./fSZo ej(wt-xz) L' .LLL~IL
F t - (iA'/f :,) Z -1<2) (I2) Figure 1. Coaxial-type cavity with foliated toroadal cores.
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In Figure 1 me can see three layers wave vector K
(dielectric-metal-dielectric) at one radial period of core.
Ve assume that in case of foliated structure the g 2 +w 2  L( 1142 / I).,J2/ P/P] (g)
longitudinal component electric field is equale to zero just
cn the local surfaces. Of equations (1), (3), (5), (7) we recieve the following

=() zonsequence as well.

We assume the continuity the tangential components electric r , HI ) / P r W 0 0)

and magnetic fields on bounderies between metal and As a result of relation (10) in dielectric dependence
isolation as well. In such case the longitudinal current analogous to T mode in case with the homogenous material is
5z passing in opposite directions in two zones of metal, obtained. But in metal drop of the magnetic field is
and force lines of electric field have "snake-type' observed. This drop depends on P (8) because of the
shape.This current passes from zone / r- to F/L /r skin-effect. Using these result and addition condition (4)
along end face of the layer, and the gaps between cores do we can computate intensity of vortex I] between inner and
not disturb picture of the field. Using equations (1), (3), outer tubes. Summation of two waves having wave vector±/K
(5) and continuity the fields, we can write the linear gives the cavity input impedance Z and vector admittance
equations system which contains six constants 4s , Bs. .
Using this system we can write the dispersion equation ir-

D /=0(6)f ]
the following general form: (/1)

mtv-/,2, 3,.. 6 chere

2.y= C (L) (/2)
D- is a determinant of the linear system, Z mn - are C (1/Q))
the Bessel functions with coefficient, or zero. During
further investigations we assume fulfilment of the following

ceidutions: &=e, (A,- 42)/Aa (13)

s•,A,~ A/], -- ý, , . - in the dielectric; !- ,1a+A• p

AI,2//'1 -ZI, / A ,, 2i.& ] - in cores asa whole. .1 p1 J
Using asymptotic form of the Bessel functions in zone of
metal and expansion in series in zone of dielectric (3] we -j
can present equation (6) in the following form: P -- T-th i" & (CtP4 COS Y)]

G64 0 + 62 o Go =0 (7) gS= (•h0- inb) (9h + in7)
where A-2 (11 2<W/2)11

In these formulas K=40r - is the complex wave
. --,-.ý, ,..- ,-,,•-) Le.,ctor (9);, - is the resulting dielectric permeability;

2 - is the resulting magnetic permeability in the foliated
core. Formula (14) generalizes result E41 in case of

G 2 (Au/IA-) C03 IP foliated core.

S1/III. THE SPECIAL CASES

Go - co '2 67*2s~iO2PIP On of the typical conditions:

P=(A6)2/2)NJ2 0c)' (8) /0o- . 91-./o0-6s,
Dispersion equation (7) can be solved relative to0, and to 2 !'r/0 l.hti4- 4' /02
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paraetr and as a result ZY C/. In this case 0. :one (* s / ('short cavity') the impedance and

the general formulas (12), (14) will be as follows: %ector admittance will be as follows:

-I ~ 1 !, zone3d•7 M'ong cavity') the impedance and vector

an attenuation over the length L, . In this zone impedance
7atching with generator over wide frequency range is mwre

where simple, but the losses may be high./ 2 ~Resonance takes place only in one point c~77.in
J / 1 this zone the losses are low, but impedance matching may be

'J r f2 more complicated. The operating zone and cavity length say
be selected with taking into account the acceleraiting gap

', A Co0 (51-T + 8 in 67/8) <,,ti C3

Y2j.q iP)0/8) -8 COs y118) Z YY .Y + CY
R= 2 Shh - odic.sipative power Pd

S•in Ge/ch h - ( ) Cf
-T) 2 (t'a L/ '

o1;K .tput generator impedance.

Osloo P 'PbY%2 rO IV. ACKN0UEDGIENET
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:iaracteristic at high frequency. Both parts
;_'putation result of the vector admittance is shown in IV. REFERENCES
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APPLICATIONS AND COMPARISONS OF METHODS
OF COMPUTING THE S MATRIX OF 2-PORTSt

Roger M. Jones*, Norman M. Kroll*^, Kwok Ko*, Sami Tantawi*, and David U. L. Yu#
*Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

AUniversity of California,San Diego, La Jolla, CA 94093

#DULY Research Inc. Rancho Palos Verdes, CA 90732

Abstract' S,, = -cos(e)exp[j( -#de)] (3)

We report on the application of four different methods of Unique values for the parameters e, ý, and d4 as functions of

computing the S Matrix for 2-port microwave circuits. The frequency are defined by restricting their ranges as follows

four methods are modal expansions with field matching :-7t / 2 < 0<I n / 2, -7t/2 <#d <S 2, and -n < :<t. From

across boundaries, time domain integration of Maxwell's the definition of the S matrix:
equations as implemented in MAFIA, HFSS (high frequency b, = SOa (4)
structure simulator), and the KKY frequency domain method.
Among the applications to be described are steps in where a, and bi are incoming and outgoing wave amplitudes
rectangular waveguides and irises in waveguides. respectively.

Now let us suppose that we have available the field

I. INTRODUCTION configuration and frequency of some mode of the 2-port
transformed into a closed cavity by shorting the waveguides

The Kroll-Kim-Yu (KKY) [1 method of associated with the ports at distance L, from the reference
determining the S matrix of 2-port microwave circuits is an planes. We consider here only the case in which one has
elementary algebraic procedure which can be used in single mode propagation in each waveguide. Then we have:
conjunction with any computer program which determines
the resonant frequency and electromagnetic fields of closed b, /a, = -exp(2jW,) (5)
cavities. As such it may be thought of as supplementary to a, /a, = rexptj(qW, -W,)]
computer codes which accomplish the same objective, but
which may not be available to a particular user. It may also where %y is kL, and r is the ratio of the incoming wave
be used to provide mutual validation of alternate procedures.
While the basic theory of the method is given in [1), no actual amplitudes evaluated at the shorts. The wave amplitude ratio
examples were presented. The purpose of this paper is to r is readily computed from appropriately chosen field

remedy this deficiency, and thereby to demonstrate the amplitudes as will become clear from the examples.

practicality of the method. As an example of the symmetric Substituting Eqs. (3) and Eqs. (1) into Eqs. (2) provides us

case we discuss reflecting iris design in circular waveguide with two equations for the three unknown S matrix

for application to SLED II [21. As an example of the parameters. Through algebraic and trigonometric
unsymmetric case we chose a trnisversely symmetric H-plane manipulation we obtain explicit expressions for 0 and + in

step in rectangular waveguide (i.e. a discontinuous increase terms of the known quantities %p, and r and the unknown dý:
of waveguide width). As will be discussed below, this simple tan(s) = 2 sin(dvy)/(r- 1/r) (6)
geometry allow us to compare the KKY results with those
obtained from highly accurate mode matching calculations. where dW = , -W, -d#, and 0 is defined in (1].
Comparison with other lattice based computer codes will also
be given. B. The Symmetric Case

A symmetric structure with symmetrically selected
II. THE KKY METHOD reference planes has S,, = S., and hence d+ = 0. Thus for

such circuits (provided we have chosen L, # L,) these
A. Description Of The Method formulas determine the complete S matrix for each frequency

Following [1], we consider a lossless 2-port and which appears in the mode spectrum of a computer run.
parameterize its S-matrix as follows: We have applied the method to the design of a

S, = -cos(O)exp[j(*+d+ )] (1) number of circular iris's in circular TE,, waveguide. For
S,2 = S,. = -jsin(0)exp(ji) (2) application to SLED 1l, design to a specified value of

reflection coefficient was required. The iris thickness was
specified for mechanical reasons to be .080 inches, the

tSUoed by Depatment of Energy, DE-AC03-76SF205150. DE-FC03- waveguide diameter was 1.75 inches, and the problem was to
92ER40759', and SBIR gant DE-FO03-91ERSI 116
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determine the correct iris diameter. Three URMEL runs were for j7 in [1] in terms of the primed quantities and temporarily
carried out, one for each of three choices of iris diameter, and designate the associated S matrix parameters as primed
each with the waveguides shorted at 2.15 inches and 1.80
inches respectively from the center of the iris. quantities. Then setting d = d' and setting tan(0) equal to

The quantity r for this configuration is given by the tan(0') in the unprimed and primed versions of Eq. (5), we
negative of the ratio of the maximum magnetic fields at each obtain:
end. The sign is to some extent a convention, but with this
choice, S, is unity when the iris diameter coincides with the tan(dO) - [(r'-l/r')sin(Dy) - (r-1/r)sin(Dy')] (7)
waveguide diameter. This configuration yields eight modes in [(r-l/r')cos(D') - (r -1/ r)cos(DW')(
the frequency range lying between the cutoff frequencies of where DV = y, - y, We may then obtain 4 and 1' from Eq.
the TEN and TE., modes, and S matrix parameters could (6) and its primed counterpart using d4 as obtained from Eq.
have been determined for all of them. This was actually (11). They should, of course, be equal to one another and the
carried out, however, only for the three frequencies closest to extent to which this will be found to be the case depends upon
the design frequency, 11.424 GHz, of SLED II. The the accuracy of the computer programs which produce the
parameters at the design frequency were obtained by input data and the accuracy with which the frequencies of the
interpolation from these data at each of the three diameters, primed and unprimed cases have been matched.
and the diameter required to provided the specified reflection As a test of the practicality of the KKY method in
coefficient was again found by three point interpolation from the asymmetric case we considered a rectangular waveguide
these numerical values. Experimental values were obtained in which the width increased from 0.4 inches to 0.6 inches.
in the course of the SLED-f measurements reported in [21 With L, and L2 measured from the junction equal to 1.1
and are in excellent agreement with the theoretical values. inches and 1.3 inches respectively, a MAFIA computation

Since the completion of the above, the mode produced eight modes in the frequency range between the
matching program to be discussed below has been extended to TE, and TE, cutoffs. (Because the junction is transversely
allow very accurate evaluation of the S matrix for these iris's.
The curves obtained with the mode matching method are symmetric there is no coupling between the TE,1 and TE,
shown in figure 1 (the points are obtained with the KKY modes.) MAFIA runs with equal lengths of 1.2, 1.25, and 1.3
method). inches produced corresponding sets of eight modes whose

Figure 1: Reflection Coefficient of Circular Iris frequencies bracketed each of the modes of the unequal
0.9i Iris Diameter (Inches) length set. The L, = L, values needed to match each of the

1'.15 eight frequencies of the unequal length run were determined
0.8. ". - ,••by interpolation from the three equal length runs. The

- 0.7 associated r values were determined by interpolation from the
1.25 ,r values from the three computed lengths. To determine the r

-0.6~ values we used r=-K(H2 1H1 ) where the H, are the

I maximum magnetic fields at the ends of the waveguides and
0.5 K is given by: K =[(fl _ fl)l(f 2 - f.)]`, where f and F7
0.4 - are the mode frequency and waveguide cutoff frequencies

10 10.5 11 11.5 12 12.5 13 respectively. Thus four MAFIA runs yielded the data to
compute the S matrix parameters at eight frequencies,

Frequency (GHz) providing thereby a comprehensive description of the
C. Application To An Asymmetic Case behavior of the S matrix over a broad range of frequencies. A

We have seen in the previous section that from a subset of results obtained will be shown in connection with
mode at a specific frequency with a specific choice of shorting those obtained by other methods in the next section. The 0
lengths we get two equations for determining the three S values to be shown were obtained from the unequal length
matrix parameters. To obtain additional equations it is set. The discrepancies between them and those obtained from
merely necessary to find a different pair of shorting lengths the interpolated equal length set were very small, a result
which produces an independent solution at the same which provides us with a consistancy check.

frequency. There is, in fact, a continuum of (L1, L,) pairs
which satisfy this condition, but one such is actually more Ill. COMPARISON WITH OTHER METHODS
than enough. That is, from a second set with, say L"1, LV, and The S matrix of both the circular iris and the H-
an associated r', we have four equations for the three plane step can be very reliably and accurately computed by
parameters. We can obviously write down a set of the mode matching technique. In order to ascertain the
expressions analogous to Eqs. (6) and the associated equation veracity of the KKY method we conducted a detailed
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written utilizing the mode matching method, MAFIA in the A representative sample of S matrix parameters as a
time domain and HFSS. function of frequency (GHz) for an H-plane step in

The mode matching method entails a decomposition rectangular waveguide is shown in table 1. for four different
of the tangential electromagnetic field in region 1 into the methods, namely, MM (mode matching) using both the
form: cascaded approach and the symmetrical approach (the

difference between the two methods is in the eighth decimal

E,= (a, exp[-jkzJ+b, exp[jkz1)FZ-'e• (8) place), KKY, MAFIA applied in the time domain, and
HFSS.

Table 1: S Parameters For An H-Plane Step

H, =-(a, exp[-jk'z]- b' exp[jk-z]) , (9)
(9) f 0 Method

15.1590 -1.00935 -1.35441 1.14863 MM
where e and h are the characteristic mode functions of the 100987 -1.35374 1.13839 KKY (w)
structure, k' is the wavenumber of mode n and, Y,' = I/Z' is
the characteristic admittance of mode n. A similar expansion
of fields is made in region 2. The electromagnetic fields on -1.00910 -1.34078 1.12459 HFSS
both sides of the waveguide junction (z = 0) are equated to 16.0159 -1.22911 -1.40363 1.03246 MM
each other and this results, in principle, in an infinite set of -2 1 6 .09(-1.22843 -1.40268 1.02089 KKY (n)
coupled equation for the mode coefficients a*, a,, b, and b,
which in practice, are truncated to N in region I and M in -1.22847 -1.40105 1.02126 MAFIA (t)
region 2. The solution to these equations for a WN (wide to -1.22632 -1.38731 .983884 HFSS
narrow) transition enables the normalized generalized 17.7145 -1.37354 -1.44954 .854241 MM
scattering matrix to be obtained in the compact form: _

S"' =y" 2 (Y Y, (Y Y,)YU 2  (10) -1.37297 -1.44981 .841649 KKY (o)
-1.37283 -1.44762 .840349 MAFIA (t)

S" = Y'2a(Y + Y. ()-1.37179 -1.45437 .811546 HFSS

$2, =Y"' [2a-'(Y+YY)-']Y- 2  (12) 19.3840 -1.43435 -1.47581 .694889 MM

S22 =_. III, (, ) + y. ) - ('j- y. ),U-1 2  (13) -1.43368 -1.47632 .678899 KKY (a)
-1.43364 -1.47447 .678542 MAFIAQ()

where a is the matrix of scalar products of mode functions

integrated over the cross-sectional area of the aperture region, -1.43185 -1.48811 .630695 HFSS

Y and Yare diagonal matrices with elements Yl* and Y; The agreement between MM, KKY, and MAFIA in the time
respectively, and the admittance of the smaller waveguide domain, for 0 and 0 is encouraging. This indicates that the
viewed from the larger and vice-versa, respectively, are given absolute value of either the reflection coefficient or the
by: transmission coefficients and indeed, the phase of the

transmission coefficients, may be quite reliably obtained by
Y, = (a")'Ya-', and Y. = aYa (14) either method. However, the values for do only agree in the

first and second decimal place, indicating that the phase of
The above relation reveals the interesting result that the the reflection coefficients of the S matrix is somewhat less
impedance of the smaller guide, viewed from the larger reliable.
waveguide, is given exactly (i.e. no matrix inversions are V. REFERENCES
required), in terms of a summation of the product of matrix
elements. Moreover, the above results for the scattering [1] N. Kroll, et al, 1992, Computer determination of the
matrix are applicable to both an H-plane step and to a scattering matrix properties of N-port cavities, 1992
transition in the radius of circular waveguide. Furthermore, Linear accelerator conference proceedings, AECL-10728,
for a WNW (wide to narrow to wide) transition, as is apposite 217, (1992)
to the SLED-I1 iris, the overall S matrix may be obtained by [2] C. Nantista, et al, 1993, High power RFpulse compression
using the inherent symmetry properties of the system 131, or with the SLED-If system at SLAC, SLAC-PUB 6145 (sb
by cascading (41 the WN matrix with a matrix corresponding 33, 1993 Particle accelerator conference).
to a shift in phase along the length of waveguide and, with a (31 R E. Collin, 1991, Field Theory of Guided Waves,
matrix corresponding to a NW transition; the latter matrix is, (McGraw-Hill Book Company, N.Y.)
of course, readily obtained from the WN matrix. In our [41 R. Mittra and S. W. Lee, 1971, Analytical techniques in
computations we have utilized both methods to provide a the theory of guided waves (Macmillan Company, N.Y.)
check as to the efficacy of the calculations.
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Construction of the CEBAF RF Separator*

A. Krycuk, J. Fugitt, A. Johnson, R. Kazimi, L. Turlington
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

Abstract Table I
The CEBAF accelerator is designed in a multipass Separa Requirements for CEBAF Accelerator

racetrack configuration, with two 1497 MHz linear accelerator Beam j Energy No. of Power
sections joined by independent magnetic transport arcs. Room Pass (GeV) Cavities Req'd (W)
temperature subharmonic rf separator cavities will be used on 1 1.2 1 270
each independent arc to extract a portion of the recirculating 2 2.4 1 1000
beam, and one additional cavity will be used to divide the 3 3.6 2 1200
final full-energy beam between CEBAF's three experimental 4 4.8 2 2200
end stations. A single-cell prototype cavity has already been 5 6.0 3 2250
built and tested at low power levels. The next stage of the

design process is the construction of a cavity capable of
operation at full power, i.e. at a gradient sufficient to provide
the required 100 jjrad bend to a 6 GeV beam. The paper will
discuss both the electrical and mechanical design of the 2 cm
cavity, construction techniques employed, and preliminary test 1.8 cm 29.2 cm
results.

I. INTRODUCTION 1.5 cm-"

The CEBAF accelerator is designed in a multipass 3.5 cm

racetrack configuration, with two 1497 MHz linear accelerator
sections joined by independent magnetic transport arcs. A
room temperature subharmonic rf separator cavity will be
placed on each independent arc to extract a portion of the
beam, and one additional cavity will be used to divide the - = 30 cm
final full-energy beam between the three experimental end 2

stations. Figure 1. Single Cell Cavity Geometry

II. CAVITY DESIGN III. CAVITY FABRICATION

The rf separatt :s user at CEBAF are quarter-wavelength In order to standardize parts while maintaining the
cavities with four oted rods placed parallel to the beam flexibility necessary to support the multiple cell geometry
axis (Figure 1)[1]. This creates a field pattern close to that of a needed for beam separation, it was decided to fabricate the
TEM dipole mode, resonant at 499 MHz, the third cavity in modular elements. Thus the spool piece, end flanges
subharmonic of the fundamental accelerator frequency. The and center flanges (of multiple cell structures) are discrete
rods serve to compress the field into the center of the cavity, elements.
increasing the transverse shunt impedance R_L to on the order The spool piece, which is the cylindrical body of the
of 250 MD. The Q0 of the cavity is measured to be 5000, cavity, is made from stainless pipe, with a 14 inch knife-edge
from which the power required to deflect the different beams flange welded on either end. Additional ports on the
the required 100 prad can be derived according to circumference of the spool are provided for pumpdown and

= 60o\2! tuner control. The entire assembly, with the exception of the
knife edges, is acid copper plated to lessen surface resistivity.

-m[236 M•/)(.'30 m) Due to the field concentration caused by the rods, most of
the surface current flows from the base of one rod to the next.

The above result is for a single-cell structure. Multiple- The control of resistance in this area is critical to maintaining
cell geometry will be used on the higher-energy passes of the the Q of the cavity. As machining such a complex geometry is
accelerator, as is summarized in Table 1. feasible, but prohibitively expensive, it was decided to use a

gold-copper braze alloy to join the individual OFE rods to an
OFE copper insert. This maintains good conductivity while

Supported by U.S. DOE contract DE-AC05-84ER40150 providing reliable seal of the water passages which cool the

0-7803-1203-1/93S03.00 0 1993 IEEE 939



rods. At the same time that the rods arc brazcd to the insert, a As can be seen from Table 1, the cavities require on the
stainless steel ring is brazed around the insert, order of kilowatts to achieve separation. Fortunately, the

This sst ring serves as an intermediate between the copper frequency used for the separators is close to the UHF amateur
insert and the remainder of the end flange, which is machined and television bands (420-450 MHz), so amplifiers of the
from a 14" knife-edge blank. - insert assembly is gain and output required for driving the cavities can be
subsequently electron beam welded to the flange with a full obtained commercially with only a slight shift in bandwidth.
penetration weld. It was felt a copper-steel weld would not Currently, only one amplifier has been obtained.
provide a reliable water to vacuum seal, while at the same Manufactured by Henry Radio, it is capable of producing 1.5
time it is not recommended practice to subject a knife edge kW at 499 MHz with a gain of 40 dB.
seal to braze temperatures. Beam tube, rf input, and cavity Phase and amplitude stability of the rf in the separator
field probe flanges are also present on the end flange. cavities is achieved by using the same modules as the rest of

The center flange assembly contains a double-sided rod the CEBAF rf control system [2], modified to operate at 499
insert, as it carries rod assemblies for two quarter-wave cells. MHz. The rf system for the separators is locked to the
Two symmetric magnetic coupling irises are present to admit accelerator frequency through the frequency reference
rf to the attached cell(s). RF power is coupled into the cell system (3].
structure using a coupling loop originally designed as the The major concern in operation of the separators is phase
output coupler on a 5 kW klystron. The loop is cooled by slippage of the cavities with respect to the injector. The
conduction to the outside. experimental halls require differing currents, with Hall B

In order to maintain the cavity at the correct resonant being limited to nanoamperes, while the other two are set to
frequency, a capacitive tuner was included. The tuner consists receive microamperes of beam. The injector, through use of a
of a copper flap, grounded to the wall of the cavity on one subharmonic chopper and current-limiting apertures, defines
end, that can be bent by means of an externally adjusted linear the beam current for each bunch. Should the phase of the
motion feedthrough to close proximity of the rods. A tuning separators change with respect to the injector, it could result in
range of 5 MHz is obtained. No dynamic tuning capability the beam being sent to the wrong hall. To prevent this, a direct
was included in the tuner design, as the frequency shift with measurement of the injector-separator phase is being
respect to temperature of the cavity is 2 kHz/deg C. The implemented. A sample of the field in the chopper cavity is
cooling of the separators limits the temperature increase in any compared to one from the high-energy cavity; if the phase
part of the cavity to 1-2 deg C in the rods, while maintaining difference between the two has changed, the beam is shut off.
the remainder of the cavity at 95 deg C. Therefore, it can be
seen that any temperature-induced frequency changes are well V. CONCLUSION
within the cavity bandwidth.

A separator cavity capable of operating at full gradient
IV. SYSTEM CONSIDERATIONS has been constructed and is awaiting high-power rf test. All

five of the separators will be installed by June 1994. Beam
The rf separators are used in two configurations. The four will be provided to the first cavity by March 1994.

that are placed on the lower energy recirculating arcs deflect
the beam in the horizontal direction. The phasing of the rf in VI. REFERENCES
these cavities (see Figure 2) and the downstream magnet
configuration are such as to allow a portion of the beam to be [1] C. Leemann and G. Yao," A Highly Effective Deflecting
steered to only one of the experimental halls, while the Structure," 1990 Linear Accelerator Conference, May
remainder is recirculated back into the linacs. The remaining 1990.
separator on the high-energy leg is phased to divide the beam [2] S. Simrock, "RF Control System for CEBAF," 1991
in three for the end stations. Particle Accelerator Conference, May 1991.

[31 A. Krycuk, J. Fugitt, and S. Simrock, "Construction of the
Two Beam . 900 CEBAF Frequency Distribution System," presented at

this conference.
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Figure 2. Two and Three Beam Separation
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RF Cavity for the Medium Energy Booster for SSCL

S. Kwiatkowski, J Curbow, TEnegren, A. Propp
Superconducting Super Collider Laboratory*

2550 Beckleymeade Avenue, MS-4010, Dallas, TX 75237
V.P. Yakovlev, VM. Petrov

Budker Institute for Nuclear Physics, Russia

Abstract will be discussed in Section 4). The power amplifier
using a 4CW150000 EIMAC tetrode will be

The RF cavity for the Medium Energy Booster (MEB) mounted on the top of the cavity and capacitively
is required to accept beam from the low energy booster coupled via a 14 pF capacity. The cavity will be
(LEB) at a momentum of 12 GeV/c (possibly 10 GeV/c) tuned with an off-axis, conductively-coupled tuner.
and accelerate it to 200 GeV/c. Each cavity must provide The tuner will employ perpendicular biasing of
a maximum gap voltage of 250 kV, and must be tunable
from 59.7 MHz to 59.96 MHz with a maximum sweep annular, yttrium-iron garnet rings for its tuning.
rate of 450 kHz/s. This requires a ferrite-tuned cavity
with a high quality factor. A quarter-wave cavity was II. MECHANICAL DESIGN
designed which meets these requirements while mini-
mizing beam-loading problems (minimizes R/Q). This As shown in Figure 1 the cavity is a simple, quarter-
paper describes the design of this cavity, results from
measurements of a corresponding cold model, and sev-
eral proposed Higher Order Mode (HOM) damping sys- pipe it will be made from oxygen free copper.
ter designs. The maximum power density in th• inner conductor

I. INTRODUCTION of the cavity will reach 8 W/cm , so the cooling
system of this unit has been carefully designed. The

During each accelerating cycle the RF system of cross-section of the inner conductor is shown in
the MEB must overcome heavy static and dynamic Figure 2. The copper cooling tubes will be brazed in
beam loading effects. These effects are most pro- place between the inner conductor and the support-
nounced in the high current mode of operation of ing tube. The outer conductor of the cavity will be
the MEB, when the dc component of the beam cur- cooled by 3/8 inch copper cooling tubing soldered
rent reaches 500 mA. Difficulty in achieving to its outer skin.
acceptable beam-dynamic phase, and amplitude sta-
bility of the gap voltage at this current required Power dissipated in the power tube section is only
careful design of the RF system. The calculations few hundred watts and should therefore require no
and the simulations show that it will be necessary to additional cooling. The vacuum window in this
cancel bunch-to-bunch beam loading. Both feedfor- already-fabricated section is made from Rexobite
ward and fast-feedback systems will be required to 2200 (Qe = 2000 @ 10 MHz).
accomplish this. The growth rate of the couple
bunch mode instabilities for the existing lattice and A prototype of the cavity is being built for us by
the accelerating scenario depends on the frequen- INP (Novosibirsk, Russia), and will be delivered to
cies, R/Q values, and shunt impedances of the SSC by the end of August 1993. The nearly-com-
HOM spectrum. Low R/Q values of the HOM is plete tuner design is similar to that of the LEB cav-
been achieved by shaping the inner and outer con- ity except the tuner is off axis rather than on axis.
ductors of the cavity in the accelerating gap region. The magnet core is mechanically isolated from the
Shunt impedances of the parasitic resonances will tuner housing and is independently attached to the
be lowered by applying HOM dampers (two types supporting frame of the cavity. Two ferrite rings
of HOM dampers are being considered for use and with an inner diameter of 10 cm and an outer diam-

eter of 16 cm are epoxied to the copper walls of the
*Operated by Universities Research Association tuner shell. A one cm thick Rexolite 2200 spacer
Inc.. for the U.S. Department of Energy under holds the ferrite rings apart. The vacuum window is
Contract No. DE-AC35-99ER40486 made out of 99.8% pure Alumina. The power dissi-

The submnitted anuscr~tm has been authored pated in the tuner will be about 8.5 kW.
by a contractor of the U 5 Government under

Contract No DE-AC35-89EP40486 Accordingly,

the U 5 Government retains a nonexc lusive, royalty-

free license to QtJbllSh or reproduce the published

form or this contribution, or allow others to do so.
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.. dissipation in the cavity including the tuner and
tube sections was estimated using Mafia to be 48
kW. The actual value will likely be 10-15% larger
due to imperfect surface finishes and the resistance
of the RF joints.

"B. Power tube section

The power amplifier configuration for the MEB
cavity will be similar to that used in the LEB. For a
large-gain, fast-feedback system this configuration
is optimum. If we use a long transmission line sys-
tem to feed power to the cavity, stability could be
effected by transmission line resonances. Sudden
changes of the dc component of the tube current
creates oscillations of the anode network at its natu-
ral resonant frequencies (feedforward system cre-

-_ ates this problem). The most important of these is
-_ the lowest one, the frequency of which is deter-

___71 mined mainly by the rf choke inductance, output
capacity of the power tube, and the coupling capac-
ity. The amplitude of this effect is determined by
the characteristic impedance of the parasitic reso-
nance and the tube current. By decreasing the self
inductance of the rf choke we can decrease the
amplitude of this phenomenon. SABER simulations
show the optimum value of the RF choke induc-
tance to be about 150 nH (choke placed in the volt-

Fieure 1 MFB RF c,,itv. age node). The gap- to-anode voltage
transformation ratio was chosen to be 14 (coupling
capacity - 14 pF).I -2 2

1 C. Tuner
The total power dissipated in the tuner at 250 kV

continuous wave (CW) will be about 8.5 kW. The
1- copper cOot0n9 tunbng tuner has been carefully designed in order to avoid
2- copper ftat 6ar the multipactoring problems and to minimize elec-
!- -r- "10 trical stresses. The Poisson software was used to
4- cntr~It cOPe- ;onductor determine the main parameters of the tuner magnet.
- - d sot•d- The main parameters of the tuner are given in Tab.

Figure 2. Cross section of the inner conductor. TABLE 1.

III. ELECTRICAL DESIGN MEB Tuner Parameters

A.Cavity MAGNETIC PERMEABILITY AT 59.96 MHz 1.4
MAGNETIC PERMEABILITY AT 59.7 MHz 3.0
TUNER REACTANCE AT 59.96 MHz (OHM] 32.4

The maximum gap voltage in the MEB cavity in TUNER REACTANCE AT 59.7 MHz [OHM] 38.1
the presence of the high power feedforward system POWER LOSSES IN COPPER 59.96 MHz [kW] 8.2

LOSSES IN THE FERRITE 59.96 MHz [kW] 0.3is limited to 250 kV by the power dissipated on the VACUUM WINDOW VOLTAGE 59.96 MHz [kV] 13.2
anode of the power tube (4CW150000 tetrode). The MAX. E-FIELD ON WINDOW 59.96 MHz [kV/cm] 2.3final dimensions of the cavity were determined VOLUME OF FERRITE [d=m3] 3.0

NUMBERS OF AMPERE-TURNS 12000based on calculations (Superfish and MAFIA), and MAXIMUM CURRENT [A] 300
the cold model measurements. The maximum elec- COIL RESISTANCE [mOHM] 27
tric field in the accelerating gap region will be 67 DC POWER [kW] 2.4

kV/cm, the shunt impedance at the fundamental fre-
quency will be 650 kQ and R/Q 51 1. Total power
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VI. HOM DAMPERS Table 2.
Measured and calculated longitudinal

A simple, aluminum, cold model of the MEB cav- modes of the MEB cavity.
ity has been built with three main purposes: LONGIT•D•NAL MODES

a. Determination final dimensions MEB cavity. MF.A RESULTS COLD MODEL M4AS,.RE24N.S

b. Determination of the HOM frequencies and their M F Q

R/Q values FR. RH I __ 1 1OHMI

c. Testing different types of HOM dampers. 1 60.0 650 12750 51 60.0 285 5600 51

The cold model is shown in Figure 3. The measured 2 93.0 14 9600 1.4 91.8 3 .1 1100 2.8

3 168.0 53 12800 4.2 163.8 8.8 2000 4.4and calculated (MAFIA-3D code) longitudinal 4 183.4 12 11400 1 179.6 1 1000 1
modes are given in Table 2. Simple non-inductive5 230.0 47 15800 3 246.8 3.5 1060 3.3

6 292.2 74 22400 3.3 298.5 2.3 880 2.6
resistors connected at the voltage node in the tube 7 357.3 47 25600 1.9 369.3 4.2 2500 1.7

8 392.6 135 21500 6.3 395.8 3 630 4.8
section of the cavity provide a very effective HOM 9 459.3 95 23400 4.1 420.0 1.6 400 4

10 471.4 16 14100 1.2 470.0 1.2 480 2.5damping tool. Two 50 W carbon resistors have been 11 49.5 16 22650 7.2 50.6 1.6 430 .811 491.5 164 22650 7.2 509.6 14.6 1350 10.8

used in ourcold model (see Figure 3). All longitudi- 12 561.8 7 11700 0.6 544.6 0.6 230 2.6

13 591.8 53 33300 1.6 569.0 0.7 780 0.9

nal modes except those with the frequencies near 14 611.4 9 16000 0.6 611.0 0.8 800 1

multiples of 500 MHz were damped to less than
300 9.. For high power operation it will be neces-
sary to isolate the d.c. voltage and the fundamental
frequency using blocking capacitor and a band stop --
filter.

Also being considered is a variation of the coupled I

line damper that has been investigated at TRI- _ _ _ /
UMF[2]. For the MEB cavity the damper is located / ,

at the rear of the cavity as is shown in Figure 4.
Inductive tuning provided by the short-circuited
transmission line i- used to minimize the voltage
developed on the damping resistor at the fundamen-
tal frequency.

sldin • electric couplin

i;½= nduct" p

V coutp r • resistL e

load

Figure.4 Coupled Line HOM Damper.

- ----------- ----. --.-.- V. CONCLUSIONS

The mechanical and electrical designs for the
MEB cavity have been discussed. The main body of
the cavity is currently being fabricated and the tuner
should be completed in December, 1993

VI. REFERENCES

[I] S.Kwiatkowski, "MEB cavity and power amplifier"
KAON/SSCL Workshop, March 4-5, 1993

Figure 3. Cold model of the MEB cavity [21 T.A. Enegren, "Coupled Transmission Line Higher
Mode Damper." TRIUMF design note TRI-DN-89-
KI05, June, 1990
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New Achievements in RF Cavity Manufacturing

G. Lippmann, K. Pimiskern, and H. Kaiser

Dornier GmbH, P.O. Box 1420, D-7990 Friedrichshafen, Germany

Abstract complete with waveguide couplers which consist of a mecha-
nically rather complicated, tongue-shaped coupling iris. A

Dornier has been engaged in development, manufacturing special feature of this cavity type is the so-called "fluted"
and testing of Cu-, Cu/Nb- and Nb-cavities for many years. beam tube which is to take care of the propagation of the
Recently, several different types of RF cavities were ma- TMI 10 and TE IlI modes; both tubes (the Cu and the Nb
nufactured: one) were provided by Cornell and integrated into the cavity

A prototype superconducting (s.c.) B-Factory accelera- at Dornier. First measurement results of the copper model as
ting cavity (1-cell, 500 MHz) was delivered to Cornell Uni- well as of the niobium strucure are reported in 15] and 16].
versity, Lab. of Nuclear Studies.

A second lot of 6 s.c. cavities (20-cell, 3000 MHz) was
fabricated on contract from Technical University of Darm-
stadt for the S-DALINAC facility.

Finally, the first copper RF structures (9-cell, 1300
MIz) for TESLA were finished and delivered to DESY, two
s.c. niobium structures of the same design are in production.

Highlights from the manufacturing processes of these
cavities are described and first performance results will be re-
ported.

I. INTRODUCTION

Development, design and manufacture of RF accelerating
structures has a tradition at Dornier for more than ten years.
Single and multicell structures made from copper, supercon-
ducting (s.c.) niobium or from niobium sputtered on copper
have been manufactured in a variety of configurations and 4
sizes, from the 95rmm 0 3 GHz structures up to the 350 MHz
cells of the LEP size with 735 mm diameter. The production
of 8 complete cryomodules - each housing two s.c. 4-cell
500 MHz cavities - for HERA at DESY was one of Dornier's
outstanding achievements in the past years. These modules Figure i. Superconducting Prototype B-factory cavity.

are now in full operation on the beam at HERA and contribu-
te to the 30 GeV electron beam energy. Several publications While the manufacture of the cavities followed standard
exist on the manufacturing and the performance of these cavi- procedures - the cells were made by spinning -, special care

ties III, [21, 131. had to be taken for the chemical treatment of the Nb proto-
type in order to avoid the "Q-virus" [7], a degradation of the

II.NEW CAVITIES PRODUCED AT DORNIER Q-factor due to a niobium-hydride phase change at the inner
surface of a cavity. A buffered chemical polish (BCP) was

A. B-Factory cavi'ivfr Corniell Universiry, Laboratory of used consisting of HF (48 %), HNO 3 (65 %) and H3 PO4 (85

Nuclear Studies %) in a ratio 1:1:2; in total 100 um were removed in several
steps (30 + 30 + 30 + 10 jum); special caution was obeyed

On contract from Cornell University, LNS, two proto- to control the temperature of the acid bath at 21 °C and, espe-

type cavities were manufactured for the planned B-factory cially, to drain the used acid as fast as possible from the cavi-
one RF model, made from 3 mm OFHC copper sheet metal, ty vessel and to start rinsing with ultrapure water (conductivi-
and one made from 3 mm nioh material with an RRR of 200 ty < 0.055 uIS/cm) immmediately after. First performance
(fig. on.e mdesfrom3mign stictl matealowed the ayout derive tests made at Cornell indicate that this process may have been
(fig. 1). The design strictly followed the layout derived by(s. fig. 2).Cornell which is described e.g. in 141. Both cavities were

9440-7803-1203-1/93503.00 © 1993 IEEE



C. TESLA cavities

01 The optimization of the shape of the cavities for the 1.3
GHz TESLA-Collider has been subject to intensive study 181.
It was analyzed [91 that the mechanical loads imposed during

.11 resonator fabrication and pressure tests and those loads exer-
ted by the Lorentz forces during operation at gradients above

- 20 MV/m must not lead to inelastic cell deformation. Other-
DesignGoaJ wise, the induced frequency shift due to wall deformation of

the cavity cells would be considerably larger than the band-
width of the resonator.

2 5 5 6 , 0 These requirerents implied that a sufficient wall thickness
EaccNeV/m, of at least 2.5 mm has to be kept also after deep drawing of

Figure 2. Q vs. Eacc for B-factory cavity at 4.2 K (cour- the cells and that the calculated geometry of the cells must be
tesy of Cornell/LNS). met by ± 0.2 umm. Finally, the alignment tolerance of the iris

diameters of the 9 cell structure has to be below ± 0.3 mm.
B. S-DALINAC Cavities On contract from DESY, Hamburg, we manufactured

five copper RF models of the 9 cell 1.3 GHz TESLA cavities
Further to the six s.c. 20-cell cavities delivered earlier for (fig. 5). The half cells were formed by deep drawing from

the the upgrading of the electron accelerator at Darmstadt 2.5 mm OFHC copper sheet material. By special jigs and
University, another set of six 3 GHz structures was manufac- tools for shaping the half cells, by chemical preparation of the
tured recently, together with a two- and a five-cell structure welding edges and by experimental verification of the wel-
of the same design which are to be used in the injector section ding shrinkage the required accuracy could be achieved for
of the accelerator (fig. 3). The material was essentially the the cell shape (fig. 6) as well as for the iris alignment. The
same as used before (2mm sheet, RRR 280 for the cells, RRR high level of reproducibility of the manufacturing process is
100 for the cut off tubes), the manufacturing steps were alrea- underlined by the fact that a field unflatness of < ± 5 % was
dy described before [1]. After deep drawing of the half cells, reached for all five cavities without tuning (fig. 7).
the individual cells were welded and chemically tuned; this is For testing purposes, the cut-off tubes were made remo-
done by carefully etching the inner surface until the desired vably, also three different diameters for the input couplers
design frequency of 2991.0 + .2 MHz (at 300 K) is reached. were machined into these tubes for testing. These parameters
Any deviation of 1.5 pm results in a frequency shift of about are being optimized by the involved laboratories.
100 kHz. The tedious matching of the 120 cells for the six I " I-
structures was performed by Darmstadt University as well as I-fi - mode before tuning. aE2 = 45.2%

the tuning of the completed cavities to a field flatness of + I Lo
% (fig. 4).

After the final chemistry, the cavities were baked out OS

(750 C, UHV) at University of Wuppertal before they were
installed in the accelerator. Thus, a maximum accelerating 0,0 0 0.o 2 0.'3 04 0.5 06 0,7 0A 0.9 1.

gradient of 10.1 MV/m and an average value of 5.6 MV/m Legth /m

was achieved. .. .....
ir - mode coarse tuned. AE1 4 497

0.0 0 1 02 0= 3 O•04 00 °6 7 Oc 016 90S1 Length / m3 '-
Ca

05

00 0.1 0.2 0.3 04 05 06 07 06 0° 10
Length / n

Figure 4. Field flatness of S-Dalinac cavities (courtesy of
Figure 3. 3 GHz cavities for S-DALINAC. TH Darmstadt).
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Figure 7. Field flatness of TESLA RF models (courtesy
Figure 5. RF models of 1.3 GHz TESLA cavities, of DESY Hamburg).

°0"is III. CONCLUSION

0Is IFrom the experience gained in the described cavity pro-
0.05 ~

E • jects we trust that we derived the necessary know-how in
-0 ;0 "order to meet the challenging tasks of future large scale cavity
., ,,0,production which has to meet demands for high accuracy as

",•"well as low cost. It seems essential to us that already in an
early stage of cavity design industry will be involved in order
to find a reasonable compromise between the scientists'

__ 0 demand (which mostly is at the edge of what is physically
, . . , di i m i l l l i l l • • i l s l lll t . .,.i p • 0 •a c h i e v a b l e ) a n d t h e r e q u i r e m e n t s o f t h e m a n u f a c t u r e r i n o r d e r

Figure 6. Deviation of cell geometry, as deep drawn, to arrive at a cost-effective product.
from calculated shape (avg. for 10 copper half-cells).

The experience gained during the manufacture of the Cu IV. ACKNOWLEDGEMENT

models will be transferred to the fabrication of the first two We are indebted to the involved laboratories - Cornell
full size 9-cell Nb cavities for TESLA which are presently University/LNS, TH Darmstadt/Inst. ffir Kernphysik and DE-
under production. The main design change as compared to the SY/MHF group - for providing their measuring data and for
Cu models will be stiffening rings between the steep slope of~valuable comments to this paper.
the cells near the irises in order to increase the mechanical
stiffness of the structure especially with respect to the expec-
ted Lorentz forces during beam operation.
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Analysis of Mechanical Fabrication Experience with CEBAF's
Production SRF Cavities*

J. Mammosser, P. Kneisel and J. F. Benesch
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, Virginia 23606 USA

Abstract manufactured" cavity as f=(1494.7 ±2) MHz, which in turn
CEBAF has received a total of 360 five-cell niobium determines the tolerance on the overall length to ±6.5 mm.

cavities, the largest group of industrially fabricated Since the cavity cells are deep drawn from 3.2 mm thick
superconducting cavities so far. An extensive data base exists niobium sheet, these tolerances represent a certain challenge
on the fabrication, surface treatment, assembly and cavity to the industrial partner because of spring back, non-
performance parameters. Analysis of the mechanical features uniformity of the starting material and possible variations in
of the cavities includes the following: the spread in weld shrinkage during the electron beam welding of the cavity
fabrication tolerances of the cells derived from field profiles subsystems. The manufacturer was asked to provide
of the "as fabricated" cavities and the "as fabricated" external frequency and field profile measurements before and after
Q-values of the fundamental power coupler compared to final tuning and machining of the cavities. From these data
dimensional deviations. A comparison is made of the pressure the frequency errors of each individual cell of each cavity can
sensitivity of cavities made of materials from different be obtained by making use of a lumped circuit analysis of
manufacturers between 760 torr (4.2 K) and 23 torr (2 K). coupled resonators ("tuning program") 14].

This work supported by the U.S. Department of Energy under
1. INTRODUCTION Figure 1 shows the frequency spread of the "as-

manufactured" cavities. The cells were manufactured so that
The Continuous Electron Beam Accelerator Facility the mean frequency is approximately 1495.4 MHz, which is

presently under construction in Newport News, VA is greater than the desired frequency. The cavities were tuned by
scheduled to produce a low emittance 200 p.A electron beam the manufacturer, all in the same direction. Typical stored
of 4 GeV for experimental studies in nuclear physics by mid- energy distribution of as-manufactured cavities is shown by
1994. This beam is accelerated by a string of 338, 5-cell, frequency errors in Table 1. In most of the cases the stored
1500 MHz niobium cavities arranged in two anti-parallel energy was concentrated in the center cells which allowed the
linear accelerators and operating above design gradients of 5 manufacturer to restrict tuning to these cells to obtain equal
MV/m and Q0 values of 2.4 x 109 at 2 K. This system will stored energy in all cells ( 2.5%).
represent the largest assembly of superconducting accelerator
cavities in the US, and a large data base already exists on the
performance of these cavities. Industry has manufactured 360 25

cavities in accordance with CEBAF's specifications [1] and _
the superconducting properties of these cavities exceed the *=

design values of field and Qo value by a factor of about 2 to 3 >2 -I-

[2]. Most of these cavities have been inspected and evaluated 1
on the basis of compliance with mechanical specifications; 0

about 60% have been tested, and data are available on " 10
frequency variations during chemical processing and pressure E
sensitivity between 760 torr and 23 torr. In the following Z 5
sections the current experiences with the above-mentioned
features of the cavities are discussed. 0

1494 1494.5 1495 1495.5 1496
II. MECHANICAL FABRICATION Frequency (MHz)

A. Cavity Tolerances Figure 1. As-received cavity frequencies.
The CEBAF/Cornell 5-cell cavity has been specified in

CEBAFs "Statement of Work" based on earlier experiences Table I
gained at Cornell University 13). Besides very detailed Frequency Errors in kHz of Each Cell as Manufactured
prescriptions for material inspections, material handling and Cell#l Cell#2 Cell#3 Cell#4 Cell#5
chemical treatment and requirements for electron beam Mean -610 1101 1464 1100 -331
welding, this document also specifies the frequency of the "as- Std dev 455 628 577 637 486

Min -1760 -1440 -726 -1318 -1375
Max 1906 4439 4279 4439 1227

This work was supported by DOE Contract DE-AC05-84ER40150.
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The spread of the cell-to-cell coupling coefficient k as
derived from the frequencies of the fundamental passband 280
modes according to

k f(g1) -1(K/5)2 Sf(z)2 +(f(z/5) 2 cos(Jrl)). . .. •

is shown in Figure 2. It can be seen that the cell-to-cell
coupling varies, depending on the amount of tuning which had I
to be done in the 7r-mode for each individual cell. This
variation in k causes a desirable spread in the frequencies of
the higher-order modes, increasing the instability threshold of

the accelerator [5].

Cell -to - cell coupling
30

2 (U

0)

20

. - - .- Distance (mm)

M 2 Figure 3. Standing wave measured in FPC with bead pull on

Percent coupling FPC axis for two different Qext values (upper trace

Figure 2. Variations in cell-to-cell coupling. Qext=8 .6E6, lower trace Qext=6E6).

B. Fundamental Power Coupler (FPC)

The coupling of the rf power into the CEBAF/Cornell
cavity is provided by a waveguide system shorted at one end. .2 1.OOE+10 ... ,,
The coupling strength has been selected at Qext = 6.6 x 106- . ..".' .

+20%. This strength of the coupling is 0.8 times the value 1.ooE+9 I
required for critical coupling at full beam. This value of - -'

coupling permits adequate control bandwidth, requires " 1.00E+8 -

somewhat less klystron power at less than full current than
would critical coupling at full beam, and permits operation at E 1.OOE+7
higher gradients with the available rf power than would ,o ----
critical coupling at full beam. The coupling of the rf to the -

cavity fields is established by the linkage of a standing wave u. 1.00E+6 __

in the input coupler waveguide and the cavity fields. Figure 3 ..

shows the standing wave pattern as measured by a 1.OOE+5
perturbation measurement for two different cases of Qext: a 0 2 4 6 8 10 12 14
less strong coupling is achieved by shifting the standing wave
in the region of the iris opening of the end cell, which can be fPC sort IxIcnsimn
accomplished by varying the distance of the waveguide short i
to beam axis. Figure 4. Qext as a function of short distance to beam axis.
Similarly, the coupling strength can be decreased by

squeezing the input waveguide or increased by opening up the shown in Figure 4. Here the Qext values for all 5 passband
waveguide at the point of the highest stored energy 161. This modes are plotted as a function of the short distance to the
method is used for final adjustment of the Qext value. As a beam axis.
practical matter the value of Qext is very sensitive to According to these measurements, a fixed dimension of
mechanical dimensions of the waveguide arrangement, as is 114.6 mm will provide the desired design value for Qext. Any
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deviation from this number is caused by fabrication tolerances several MHz. This variation is probably due to non-uniform
such as weld shrinkage, warpage, deflections of the waveguide spring back in the forming process, machining tolerances and
or machining tolerances. The Qext values of 329 "as- variations in weld shrinkage during electron beam welding.
fabricated" cavities have an average of 7.55E6. Fortunately, in These variations cause different field distributions and require
most cases the desired value can be achieved easily by slight different tuning of each cell resulting in a spread in the-cell-to
mechanical deformations of the waveguide as mentioned cell coupling.

above. The design of the fundamental power coupler (FPC) is
III. FREQUENCY SHIFTS such that Qcxt of the coupler is sensitive to fabrication

tolerances, but the Q of 6.6E6 ± 20% can be easily attained
A. Chemical Treatment of the Cavities with inelastic deformation of the FPC waveguide.

When delivered by the manufacturer the cavities have Chemical surface treatment of cavities at CEBAF has
received only a very slight material removal for cleaning rather good reproducibility as long as a stringent control of the
purposes after the final welding and machining steps. The bath temperature is maintained. With a cold tuner range of ±
major chemical treatments are done at CEBAF. It has been 200 kHz there was no problem obtaining assembled cavities
established [31 that at least a layer of 50 lum ("surface damage within that range, even though variations in the material
layer") has to be removed from the surface to achieve or properties have resulted in 50% differences of the sensitivity
exceed CEBAF's design values for Q0 value and accelerating of the cavities to the helium bath pressure.
gradient. Assuming uniform material removal from the Sheet metal technology as applied in the fabrication of the
surface by immersing the whole cavity into an acid bath of CEBAF cavities without any annealing steps after the
equal parts of hydrofluoric (48%), nitric (69%) and mechanical forming operations requires tolerances on the
phosphoric (86%) acids and using a calculated value of order of ± 2mm [9]. Tighter tolerances would probably
Af/ A d=5.7 kHz/pm as attained from "Superfish" 17], a cause an increase in manufacturing costs.
frequency decrease of 350 kHz has to occur for 50 gim of
removal. This corresponds to = 5 min. of chemical polishing V. ACKNOWLEDGMENTS
at 23°C. In our surface treatment procedure, pre-chemistry is Many thanks go out to the CEBAF SRF Staff whose
done in two steps of 2.5 min. each with intermediate rinsing of efforts have made this paper possible, and a special thanks to
the cavity to avoid overheating the acid bath. Subsequently K. Yopp who provided CAD support.
the cavity frequency is measured and if necessary readjusted
as well as the field profile. The final chemical treatment of VI. REFERENCES
I min., corresponding to a frequency change of - 70 kHz, is
then very predictable and the cold cavity frequency falls Ill M. Dzenus, et al., "Production of Superconducting Niobium
within the range of the cold cavity tuner of ± 200 kHz. Cavities for CEBAF, "Conference Record of the 1991

Particle Accelerator Conference, p. 2390.
B. Pressure Sensitivity between 760 torr and 23 torr 121 C. Reece, P. Kneiscl, J. Mammosser, "Performance of

The cells of CEBAFs 360 cavities are made from high- Production Cavities for CEBAF," these proceedings.
purity niobium of 3 different suppliers: 3% were 131 P. Kneisel, et al., "Performance of Superconducting Storage
manufactured from W. C. Heraeus niobium, 20% of the Ring Cavities," IEEE Trans. Magn. MAG 21, 1000 (1985).
material was supplied by Teledyne and the remainder was [41 R. M. Sundelin, private communications.
manufactured by Fansteel Corp. The room temperature yield [51 R. M. Sundelin, "Frequency Spreads Caused by
strength of this high purity-material was specified to exceed Manufacturing Tolerances," SRF Tech. Note-830102 LNS
74 MPa. This value varied from manufacturer to Cornell University.
manufacturer and from batch to batch. Measurements on 161 C. Reece, "Fundamental Power Coupler E-Field Profile
samples of the different materials at 300 K and 4.2 K [7] also Measurements," SRF 831201 LNS Comell University.
showed significant differences in the yield strength and 171 K Halbach, R. F. Holsinger, "Superfish: A Computer Program
possible changes in Young's Modulus. Analysis of 45 cavities For Evaluation of R.F. Cavities With Cylindrical Symmetry,"
showed variations in the pressure sensitivity from 80 Hz/Torr Particle Accelerator 1976, Vol. 7, pp 213-222.
to 137 Hz/rorr, over each material and from each shipment of 181 P. Kneisel, et al., "Superconducting Cavities From High
material. Thermal Conducting Niobium For CEBAF," Proceedings of

IV. CONCLUSIONS The Conference Electron Beam Melting and Refining, pp. 177
(1990).

Analysis of the "as-fabricated" cavity data suggests that 191 J. Benesch, J. Mammosser, "Mechanical Results of The
the frequency tolerance of ± 2MHz as specified by CEBAF CEBAF Cavity Series Production," these proceedings.
was easily attainable by the manufacturer. The cavity
frequency was intentionally kept above the desired 1494.7
MHz for tuning purposes and the spread was kept within

I IMHz.
Frequency errors in each cell, however, did vary up to
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MICROPHONIC ANALYSIS OF CRYO-MODULE DESIGN'

A. Marzlall and H.A.Schwettman
W.W.Hansen Experimental Physics Laboratory

Stanford University
Stanford, CA 94305-4085

Abstract 1i. Mechanical modes of the accelerator structure
Mechanical resonances in superconducting accelerator The mechanical mode spectrum of the freely-suspended
structures and cryo-module components can lead to coupling accelerator structure was measured before installation in the
between mechanical noise and electron beam parameters. We cryo-module. The lowest longitudinal mode was found at 94
have studied the mechanical resonance spectrum of a 500 Hz and the lowest transverse mode at approximately 40 Hz.
MHz 2-cell structure and cryo-module that was designed and When the structure is mounted in the cryo-module, its length
built by Siemens for TRW, Inc., and have measured the effect is, to good approximation, constrained and thus the structure
of these vibrational modes on the RF eigenfrequency of the modes resemble those of a 'clamped' beam, retaining the same
structure. We identify the most dangerous resonances of this frequencies as in the 'free' case. The lowest longitudinal mode
system and discuss related design issues. (L1) of the installed structure was found at 100 Hz while the

lowest frequency transverse modes (T1) were found at 40.6
Hz in the vertical and at 50.0 Hz in the horizontal direction.

1. Introduction
Mechanicalvibrationsinsuperconductingacceleratorstructures In the lowest longitudinal mode (L1), the structure length
can lead to unwanted modulation of the structure RF remains fixed while the iris between the two cells oscillates
eigenfrequency and the electron beam energy, position, and longitudinally. This motion has no effect on the
direction. Though eigenfrequency modulation produces well- eigenfrequency of the structure but causes electron beam
documented problems for RF control systems, modes also energy modulation[i]. The relative energy modulation
exist which modulate electron beam parameters without expected when driving this mode at resonance with a 0.5 N
modulating the RF eigenfrequency[I]. force is calculated to be 2 X 10-5. In the lowest transverse

mode (T1), the maximum motion occurs at the iris while
The frequency and character of mechanical modes which affect nodes occur near the position where the structure is attached
the operation of an accelerator are determined by the to the cryo-module. Previous work[2] indicates that, due to
mechanical design of both the accelerating structure and the symmetry, this sort of bending motion should not produce any
cryo-module. The microphonic behavior of a specific design modulation of the eigenfrequency at the mechanical oscillation
is determined by how it addresses the issues of mechanical frequency. The large eigenfrequency shift observed at the 40.6
isolation, damping of unwanted motion, frequency of resonant Hz mode is due to asymmetries of the motion, caused by
modes, and by the mechanical constraints imposed on the asymmetries of the structure and by mixing of the mode with
accelerator structure. other cryo-module modes.

We have performed vibrational measurements on a 500 MHz i!!. Mechanical modes of the cryo-module
2-cell cryo-module designed and built by Siemens for TRW, A schematic diagram of the cryo-module indicating regions of
Inc.. The accelerometers used for the present tests have been mechanical flexibility (for frequencies below 150 Hz) is shown
improved over those used in our previous measurements[2] to in Figure 1. At these frequencies, it can be assumed that vessel
provide a flat ( ±1 dB) response from 8 Hz to 500 Hz. side-walls are relatively stiff, while flexing mostly takes place
Mechanical vibrations are induced by a small speaker in in the vessel end-walls, the cell walls of the accelerator
contact with the outer vessel of the cryo-module. In this paper structure, and the short section of beam tube connecting the
we analyze the observed mechanical modes of this cryo- helium vessel and the outer vessel. To allow RF tuning by
module and assess their effect on the structure eigenfrequency. changes in the structure length, one end of the helium vessel
We identify design elements which have contributed to the is connected to the beam tube by a bellows and is therefore
creation of dangerous mechanical modes and discuss related represented as being unconstrained at that connection. Thin
design issues. steel rods connecting the helium vessel to the outer vessel

provide some restoring force for both vertical and horizontal
transverse motions.

'Work supported in part by the Office of Naval Research, Contract No. N00014-91-J-4152.
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Table ii: Effects of Selected Modes.

TOP VIEW END VIEW Mode Type Freq.(Hz) RFAf(Hz) Ax cell(nm)

OUTER VESSE ow Horizontal Support 8.5 12 7000 (hor.)

RINPUT_ (o.
COUPLER Longitudinal Support 13.5 17 800 (ion.)

CF OUPL SUPPORT
ACCELERATOR COUPLE" moag Longitudinal He Vessel + 36.6 7.5 6 (Ion.)

CTUR EI Vertical Support 195 (ver.)

HEULIU VESUL Longitudinal He Vessel + 40.6 8.5 69 (Ion.)
RON Vertical He Vessel+ 154 (vet.)

Vertical TI Structure

supPORT Horizontal TI Structure 50 < 1 102 (hor.)
ECHASM Horizontal T2 Structure + 72 < 1 11 (hor.)

Figure 1. Schematic of cryo-module. The empty lines Torsional He Vessel 79 32 (hor.)

represent module components which are flexible at low Longitudinal Li Structure 99.9 < 1 3.6 (Ion.)
frequencies. Longitudinal Outer Vessel 137.8 12 9.2 (Ion.)

Mechanical modes are classified as either longitudinal, Support structure modes: As listed in Table 1, the lowest
transverse (horizontal and vertical), or torsional, and have been frequency modes of the cryo-module result from motion

segregated as being principally related to the support system, associated with the supports (Fig. 1). In all these modes, the
to the helium vessel or outer vessel, or to the accelerator helium vessel, outer vessel and structure move as one large
structure. Table 1 lists the principal modes below 150 Hz. mass against restoring forces provided by the supports.
Table 2 lists the amplitude of RF eigenfrequency modulation Bending takes place in the outer vessel wall where the

and the amplitude of structure motion for the most interesting supports are attached. The transverse modes of this set are

modes when driven by a 0.5 N frequency-swept force applied split into 0 and x modes. The 0 modes consist of transverse
to the outer vessel at the location shown in Figure 1. These center-of-mass motion of the entire module during which the

amplitudes are up to 100 times larger when the force is ends move in phase. The a modes consist of transverse
applied at resonance. Mechanical Q values range from 60 to rotation about the center of mass, during which the module
100 with the exception of the horizontal support modes for ends move in opposite directions. Frequency splitting of the
which the Q value is 150 to 200. longitudinal mode was observed but could not be attributed to

any cryo-module element. Despite the relatively small amount

of structure deformation expected in these modes, large
eigenfrequency modulation occurs as a result of the enormous
amplitudes of motion associated with these low frequencies

Table I: Mechanical modes of a 500 MHz cryo-module. (see Table 2).
FLEXING TAKES PLACE IN FLEXING TAKES PLACE

END-CAP OF HELIUM VESSEL IN BEAM TUBE t
Mode Type Frequency in Hz J

Longitudinal Horizontal Vertical Torsional

Support 13 (split) 8.5 (0) 30.2 (0) 23.7
11.6 (n) 36.6 (it) _ 4

Helium 36.6 39.1 40.6 72
Vessel 40.6 79

Structure 99.9(LI) 50 (TI) 40.6 (TI) t I
72,79(T2) 51.8 (T2)

Outer 138
Vessel - - 4 1

36.6 Hz 40.6 Hz

Figure 2. Longitudinal mechanical modes associated with the
helium vessel. Only longitudinal motion is shown.
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Helium Vessel and Outer Vessel modes: Figure 2 shows the Mixing of modes: Problems associated with some modes are
two longitudinal modes associated with motion of the helium made worse by frequency coincidence with other modes. The
vessel relative to the outer vessel. The arrows indicate relative 36.6 Hz mode is both a longitudinal helium vessel mode and
magnitude and direction of motion. The 36.6 Hz mode a vertical support mode and strongly couples vertical support
consists of the mass of the helium vessel moving against the motion, which causes little deformation of the structure, to a
outer vessel mass. Flexing takes place primarily in the end- mode which causes substantial deformation. An even worse
wall of the helium vessel, with some flexing also occurring in case occurs at 40.6 Hz where longitudinal and vertical helium
the beam tube connecting the helium vessel to the outer vessel modes couple to a vertical transverse mode of the
vessel. In the 40.6 Hz mode, the helium vessel and outer accelerator structure. The resulting mode produces large
vessel move longitudinally in the same direction but with amplitude transverse motion in the structure and large
different amplitudes. Vertical motion also takes place and will eigenfrequency modulation. Weak coupling may cause
be discussed later. Flexing in this mode occurs primarily in the frequency splitting of modes as seen at 72 Hz / 79 Hz.
beam tube with some flexing occurring in the helium vessel
end-wall. For both these modes, the outer vessel end-walls are IV. Cryo-module design Issues
rigid. Both modes produce substantial change in the length of To reduce microphonics, one should attempt to isolate the
the accelerator structure, thus causing a marked shift in accelerator structure from external noise sources, avoid low
eigenfrequency (see Table 2). frequency resonances in the structure and cryo-module, raise

"TRANSVERSE MOTION FIRST TRANSVERSE MODE the frequency of unavoidable resonances, and apply damping
OF HELIUM VESSEL OF STRUCTURE when practical. Also, coupling between mechanical vibrations

and electron beam parameters must be reduced. Our studies
indicate that avoiding asymmetries in the structure and cryo-

* module, and avoiding mixing of mechanical modes helps
achieve this. Our measurements also show that in the design
of load-bearing supports of the system, such as the support
feet and rods of Figure 1, care must be taken to avoid low
frequency oscillation of the large masses supported.

An important issue in cryo-module design is support of the
accelerator structure. This issue is often complicated by the
desire to perform RF tuning through structure length variation.

- "- ~The approach taken in the system studied here is to use the
cryo-module vessels to both support the structure and constrain

. 0 Hz its length. This provides direct coupling between cryo-module
motion and structure length, and is the cause of many of the

Figure 3. Selected transverse modes of cryo-module. Only dangerous vibrational modes we encountered. If the structure
transverse motion is shown. length is to be constrained by a mechanical element, this

element should not be coupled to the cryo-module and should
Transverse motion of the helium vessel with respect to the be designed such that its lowest modes of vibration are at high
outer vessel occurs at 39.1 Hz and 40.6 Hz. As seen in Figure frequency. Very dangerous modes will result if resonances of
3, this motion consists of the helium vessel pivoting on its the structure coincide with resonances in its length
fixed end and moving transversely in opposition to the outer constraining components.
vessel. Restoring forces are provided by both the beam tube
and by the 1/4" steel rods connecting the two vessels. These V. Conclusion
modes also cause substantial structure deformation as a result We have documented m(.chanical modes and identified
of torques applied to the beam tube at the pivot point of the elements of the Siemens cryo-module design which lead to
motion. Torsional motion of the helium vessel in opposition microphonic sensitivity. Design issues have been discussed
to the outer vessel occurs at 72 Hz and 79 Hz. This mode which, if appropriately addressed, may reduce microphonic
couples weakly to a horizontal transverse structure mode and effects in future designs.
consequently is split into two modes.

VI. References
At 138 Hz, the outer vessel cylinder moves longitudinally in I I] H..A.Schwettman, "Microphonics and RF Stabilization in
opposition to the helium vessel which is attached through a Electron Linac Structures', Proceedings of the Fifth Workshop
beam tube to one of the end-walls. In the resulting motion, the on RF Superconductivity, Hamburg, Germany, 1991.
end-walls flex and move out-of-phase with each other, 121A.Marziali, H.ASchwettman, "Microphonic Measurements
producing large eigenfrcquency modulation even for small on Superconducting Linac Structures", Proceedings of the
amplitudes of motion. 1992 Linear Accelerator Conference, Ottawa, Canada, 1992.
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The Design of a Pill-Box Cavity with Waveguide HOM Suppressors

A. Massarotti
Sincrotrone Trieste and Dipart. di Fisica, Universita' di Trieste

G. D'Auria, A. Fabris, C. Pasotti, C. Rossi, M. Svandrlik
Sincrotrone Trieste, Padriciano 99

34012 Trieste, Italy

Abstract the following, we are presently concerned with the design of a

High suppression of the higher order mode (HOM) p prototype.

spectrum of an accelerating radio frequency cavity can be 2. THE COLD PROTOTYPE
obtained with two waveguide suppressor coupled through a Dedicated waveguides to damp the HOM spectrum have
large aperture to the cavity. An intensive experimental work been tested in our laboratory on several cavities of different
led us to choose a pill-box shape for the central body of the s te, in-ox, laborath oseces, smof shaperell
resonator. Along with a heavy damping of the whole HOM shape, pill-box, pill-box with nose cones, smooth shape (bell
spectrum, the electromagnetic characteristics measured on a shape). It has been found that for our design the optimal shape
'cold' prototype show that the accelerating performance of t The geometry of this shape presents wide plane surfaces.
fundamental resonator mode remains satisfactory' After having On these surfaces it is quite simple to open large square
thoroughly tested the cold prototype, the design of a power section apertures and the connection to a square section
resonator has been started. The more interesting aspects of this waveguide doesn't present particular mechanical problems.
design, concerning mainly mechanical, thermal and vacuum At the same time in the pill-box cavity the frequencies of
topics are described here. The choice of the microwave the first dipole and monopole modes can be distributed, with a
absorbing material is discussed as well. proper choice of the internal profile of the resonator, in a way

1. INTRODUCTION that minimizes the dimension of the waveguide section.
Hence the pill-box shape has been chosen. Its profile has

The HOM of the radio frequency cavities of the Elettra been optimised with OSCAR2D and URMEL-T simulations.
Synchrotron Light Source Storage Ring could drive The fundamental mode parameters for the final profile are
multibunch instabilities, due to the high current and to the listed in Table 1 [7].
many short length bunches [1], [2]. Table 2

From the very early beginning of the project, the use of Pill-box cavity fundamental mode parameter
dedicated waveguides to suppress almost the whole HOM Pill-boxcavity f f da unt modaraet
spectrum has been investigated in order to prevent the rise of (Electrical definiton of shunt iedance)
these instabilities [3], [41, [5], [6]. fr Q R/Q Rsh RshT 2

Large apertures in tht. cavity walls should guarantee the (MHz) (Q) (Mf1) (MQ)
highest possible coupling to most HOM. The electromagnetic
power of the HOM is then fed through waveguides to 509 36800 150 5.5 3.4

absorbing loads, while the accelerating mode frequency lies
quite below the cut-off frequency of the guides. To improve The fist dipole mode (TMt0) frequency les for this cavity
the transmission of the power to the load the section of the around 794 MHz, while the first monopole mode (TM0 11 )
waveguide has been chosen square; in this way also the TEl 1 frequency is about 980 MHz. Thus, a waveguide with a
mode of the waveguide can propagate at relatively low 250x250 mm square section, that is TEl0 cut-off frequency at

heqtuencies. 600 MHz and TE11 cut-off frequency at 850 MHz matches the

The challenging tasks of this design are to provide large requirements for this cavity. The reactive attenuation at 500
apertures on the cavity walls without affecting too much the MHz is roughly 60 dB/m, which should be sufficient to limit
fundamental mode parameters, like quality factor and R/, and within an acceptable range the spread of the accelerating mode
to overcome the mechanical, thermal and vacuum topics field into the waveguide.
presented by the connection of large wavegnides to the Two holes are placed on the side walls of the cavity. They
resonator. Along with this, the microwave absorbing material are I80xl80 mm large; their position is asymmetrical with
for the load and the shape of the termination have to be respect to the wavegnides symmetry plane, in order to avoid
chosen. coincidence of the zero's of the cavity fields with the

On the other hand, the behaviour of such a resonator during symmetry planes of the waveguides. There is an azimuthal
the conditioning procedure and the power operation is still angle of 90" between the two apertures, so both polarizations
unknown. Therefore, after an intense experimental activity on of the dipole modes should be damped.
a cold resonators, with satisfactory results, which are shown in The waveguides are 1500 mm long, plus 250 mm of the

connection piece to the cavity; they are terminated with a
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pyramid of commercial absorber, ECCOSORB VHP-450. factor, that is a shunt impedance value between 3.5 and 4.0
The pyramidal load has a 250x250 mm large base and is 1140 MOl.
mm long. It is a low power absorber, not cooled, which has Once it was verified that the damped cavities could be
been useful for the low power tests. adequate for the light source, the performance of the suppressor

A sketch of the cavity is presented in figure 1. The has been measured. The results are summarized in Table 3.
connection between cavity and waveguide is pointed out. Table 3

250 HOM suppression results

Without dampinit With damping
mode fr Q fi" Q

DI 790 31100 / I
D2 971 25000 980 20

M2 1047 28300 1039 70
180 M3 1173 46900 1138 20

D3 1184 20600 1175 25

_D4 1404 41300 1388 50

D)5 1431 23100 1428 50

M4 1515 33300 1530 40

1)6 1668 14400 1631 55

D7 1699 8200 1680 50

M5 1822 50300 / /

M6 1902 16600 1916 190

M7 2079 29600 2026 50

M8 2190 20800 2176 80

The results in Table 3 concern monopole and dipole
modes, that is the modes that can cause the growth of
instabilities. The resonances above the cut-off frequencies of
the beam tubes are not taken in consideration. The dipole

Fig. l Lateral view of the cavity-waveguide connection modes are classified with 1D#, the monopole modes with M#.
This kind of classification is used rather than that with the

The electromagnetic parameters of the accelerating mode, original pill-box modes, since the identification of some field
as measured on the damped cavity, are shown in Table 2. It patterns in the damped resonator is quite uncertain.
should be noted that, for this low power prototype, no The first monopole mode, D! or TM1 10, is completely
particular care has been taken in brazing; furthermore the damped. The other two resonances below 1.0 GHz present now
connection pieces between the cavity and the waveguides are a Q value lower than 70. Furthermore all the Q's are reduced to
just screwed. Thus the information on the Q-factor is not very better than 1% of the undamped value.
significant; we expect an improvement in the power The M2 resonance, that is the TM011 or common mode, is
prototype. one of the most dangerous one. The Q value is now reduced to

Table 2 70, but some experimental work on the load shape has shown
Pill-box cavity fundamental mode parameters that an improvement can be achieved by optimizing the

with waveguide suppressors termination. This is true also for other resonances.

fr Q R/Q Rsh The cold prototype has thus been completely characterized.

S(MHz) (ai) (O) The indication for the construction of a power prototype is
very positive, so this will be the next step in our design.

500 25000 120 2.8
3. CONSIDERATIONS ON THE POWER PROTOTYPE

Even if we consider a pessimistic value of 2.5 Mil for the DESIGN

shunt impedance, six cavities installed on the Elettra storage
ring will be able to provide the required energy to the beam, at A. Cavity Design
1.5 GeV as well as at 2.0 GeV, with the present 60 KW RF A preliminary sketch of the pill-box cavity can be seen in
plants. Actually we expect a nicely higher value for the Q figure 2. In this sketch the two apertures in the cavity walls
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are shown, together with the connection pieces to the limit the pumping requirements. At the same time this would
waveguides. allow a relatively easier design of the absorbing load.

In order to avoid any effect on the electron beam caused by The ceramic window should be inserted into the waveguide
the asymmetric geometry of the cavity, it has been decided to sufficiently far away from the cavity in order to avoid heating
install two cells on the ring, close each other, with the second due to the fundamental mode field. Depending on the material
having the waveguides rotated by a 1800 angle. The cells characteristics and on the shape of the ceramic window there
should be de-coupled and should take few space on the ring. So could be a negative effect on the HOM damping capability of
the beam tubes of the cavity will have exactly the same the suppressor. Therefore we performed measurements on a
section of the vacuum chamber, as it is shown in figure 2. prototype in which a glass window, 5 mm thick, was inserted
The higher cut-off frequency of the vacuum chamber section in the waveguide. It was found that the smallest shape for a
could limit the HOM power transmission through the still acceptable damping effect is equal to a circular window
chamber, but this should be acceptable since the low power with a diameter of 200 mm; the Q-values measured in this
measurements showed a good behaviour of the HOM dampers configuration are similar to those in Table 3. Since the
also in the higher frequency band. window for the power prototype will be an alumina window,

we are investigating how the damping changes with different

permittivity and different thickness.
An alternative to the ceramic window is to have the

waveguides under vacuum. This design would be more
advisable from the suppressing point of view, since there is no
mismatching along the waveguide, but it would present more
technical difficulties. A powerful pumping system should be
dimensioned to keep under high vacuum the waveguides.

Furthermore the load should be designed for operation
under ultra high vacuum. Thus the microwave absorbing
material should have a low outgassing rate, should be a good
thermal conductor and, finally, should adapt a wide frequency
band. Microwave absorbing materials with these characteristics
have been already produced, but their reliability should be
tested [8].

So, even if we develop the research activity also in this
direction, we will first study the feasibility of a prototype with
an alumina window placed into the waveguide.
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Power Conditioning of the RF Cavities for ELETIRA

A. Massarotti

Sincrotrone Trieste and Dipart. di Fisica, Universita' di Trieste
G. D'Auria, A. Fabris, C. Pasotti, C. Rossi, M. Svandrlik

Sincrotrone Trieste, Padriciano 99
34012 Trieste, Italy

Abstract Before starting with the installation of the cavities in the
storage ring, each cavity has been conditioned at full power by

The cavities for the Synchrotron Light Source Elettra have using the RF 60 kW power plant mounted in the laboratory.
been conditioned at full power. The OFHC copper cavities The RF power is fed to the cavity via a coupling loop.
have a smooth shape, working at 499.654 MHz. The The feedthrough is copper made and water cooled.
conditioning has been performed in the laboratory with a To start the conditioning of each cavity, a fast rise time,
prototype power plant. The RF power provided by the low repetition rate and short RF pulse has been used. At the
klystron amplifier is fed to the cavity by means of a coupling beginning the cavity has been fed with a low RF power level.
loop. The cavities have been conditioned starting from Pulsed The power level and/or the pulse duration have been increased
operation; the power and the duration of the pulse have then once stable RF operation and safe vacuum condition of cavity
been raised till the requested CW gap voltage was reached. The were reached. The conditioning procedure has been stopped at
whole conditioning procedure, starting from the bakeout of the 35 kW CW RF power corresponding to a gap voltage of 700
cavities, and the test results are described here. kV.

A duration test of several hours has been performed at this
1. INTRODUCTION input power level to ensure the reliability of the conditioning

Four cavities working at 499.654 Mfz will be installed in procedure.
the ELETTRA storage ring. The required gap voltage for each
cavity at beam energy equal to 1.5 GeV is 607 kV, thus 2. RF UNIT ASSEMBLY AND BAKEOUT
leading to a wasted power into the cavity of about 26.5 kW The 500 MHz cavity is a smooth shape one [2]. The RF
[I). power is fed into the cavity via a coaxial copper power

The cavities have been built in OHFC copper and are water coupler. An alumina ceramic window brazed to the inner and
cooled by means of cooling pipes brazed on the cavity walls outer conductors of the coaxial line provides the vacuum
(fig. 1). insulation.

The last step of the mechanical construction of the cavity
as well as of the vacuum feedthrough was the brazing in the

L high temperature vacuum oven. Afterwards the cavity and the
vacuum feedthrough have undergone a further surface ultra
high vacuum cleaning procedure.

Then the RF unit has been assembled in the laboratory.
The coupling coefficient between the feedthrough and the
cavity has been adjusted to 1.0.

The vacuum system for the first conditioning procedure
consists of a turbo molecular pump of 180 V/s and two ion
pumps of 120 i/s each. The vacuum pressure is monitored
with a Pirani gauge for the lower vacuum range and a Penning
cold cathode gauge head for the high and ultra high vacuumrange.

The RF units were baked out for 48 hours. The cavity
body and the feedthrough were heated up to 150 oC with hot
water circulating in the cooling pipes. The stainless steel parts
like the flanges were heated up to 180 oC with electrical
heaters. The ion and turbo pumps were baked out at 200 'C
and 100 "tC respectively.

Fig. 1 The cavity with cooling pipes brazed on the outer After five hours of cool down a pressure level of 2.2 10-10
surface, the tuning cage and one vacuum pump mbar has been achieved in the cavity.
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SIGA is. The peak power has been increased up to the final value of
SGENERAL 35 kW. Once the peak power was reached, the duty cycle has

SVACUUM INTERLO'K been slowly increased from 0.8% to 100%.
During the whole power raising procedure the pressure

level has been kept in the 10-8 + 10-9 mbar range.
The cavity gap voltage was monitored on a oscilloscope as

well as the direct and reflected wave, to detect any possible
RF discharge in the resonator.

AMPLIFIER The typical duration of the conditioning procedure is
CHAIN

between 40 and 50 hours. The peak and average cavity input
power plot versus the conditioning time for one of our RF

- - 1 unit is shown in fig. 3. It should be noted that the
DUMMY MESUREMENTS conditioning procedure is not continuous; it is shared during

LOAD & CONTROL more days. The turning off of the procedure is indicated withDEVICES

zero power points. It can be seen that in the first 15 hours the
peak power has been increased with the minimum pulse

-wAvE length. In the following hours the pulse has been lengthened
till the CW operation has been reached.

TEMERAURE40

COOLIN GA VOTG 10-,I I
SYSTEM M.EASUR.

[ _ s is 20 25 30 35
- time Oioun)

Fig. 2 Layout of the RF plant for the conditioning

Fig. 3 Peak and average power versus conditioning time

The pressure versus time plot for the same RF unit can be

3. RF UNIT CONDITIONING found in fig. 4. The "plow" points indicates the cavity
The R plant of the laboratory is a prototype of te RF pressure level before a power increase. The "phigh" values

have been recorded after one minute of each power increase.
storage ring plants [3]. It is made up of a 60 kW amplifier, a These plots refer to an RF unit in which the pressure as
500 MHz power circulator with a dummy load on the third always been lower than 1.10-8 mbar, while other RF units
port and a 6 1/8" coaxial line to feed the RF unit. A sketch of have shown a worse pressure curve (see fig. 5).
the whole plant is shown in fig. 2.

The vacuum equipment for the conditioning is the same
installed for the bakeout.

The cavity and the power coupler are water cooled. The 10D ,
water flow is about 13 m3/h for the cavity and 0.5 m3/h for
the vacuum feedthrough. A temperature mapping of the RF -.

unit has been provided during the test. 60,
The cavity tuning is performed changing its axial length

by means of a tuning cage which is driven by a dc motor. The 40

tuning range is ±100 kHz; within these limits the mechanical 20

stress of the cavity remains below the elastic limit [2). 22 &

The RF power is interlocked with the vacuum level of the 0 !4-a I ... -
RF unit. The vacuum gauge controller switches the RF off 0 10 15 20 25 30 35

when the threshold of 1.0 10"y mbar is exceeded. tne (houn)

The RF conditioning has started with a short RF pulse at Fig. 4 Pressure versus conditioning time. Best results
a period of 100 Hz. The starting length of the pulse was 80
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operated at this level for several hours. During the duration
test no significant trouble rose, thus we concluded that the
unit was successfully conditioned.

The final pressure level at the end of the test improved to
the 5.0 10-9 mbar range with 35 kW CW fed to the RF unit.

In these conditions a maximum x-ray dose rate of 130
gtS/h has been measured nearby the cavity.

Neither multipacting or discharge phenomena have occurred
during the whole conditioning. Thus no metalization on the
ceramic windows should have taken place. Actually the
temperature gradients of the vacuum feedthrough remain
constant also after several operating hours at full power.

Is is interesting to note that, during the conditioning, if the
cavity is excited at its resonant frequency, the pressure level
slightly increases. This happens also for frequencies below the
resonance, while detuning the cavity at higher frequencies the
vacuum pressure reaches the minimum values. Thus, to avoid
any risk of ceramic window contamination we operate the
cavity at slightly higher frequency than the resonant one [4].
This occurence disappears at the end of the conditioning,
operating the cavity in the continuous wave mode at a power
level just below the maximum value achieved in the pulse
mode operation.

4. CONCLUSION

The RF cavities for ELETTRA have been successfully
conditioned to the required peak power.

The conditioning procedure has avoided any multipacting
or discharge phenomena in order to prevent any sputtering of
the ceramic window surface.

The RF units are therefore ready for installation on the
storage ring. In the meantime they have been stored in
nitrogen atmosphere to avoid any possible and further
contamination of the surfaces.

Thus we exspect to repeat quikly and without trouble the
conditioning procedure once the cavities will be installed in
the storage ring.

958



High Power Test of a SLED System with Dual Side-Wail Coupling Irises for Linear Colliders

Hiroshi Matsumoto, Hiroshi Baba, Atsushi Miura and Seiya Yamaguchi
KEK, National Laboratory for High Energy Physics

Oho 1-1, Tsukuba-shi, Ibaraki-ken 305, Japan

Abstract II. DESIGN AND FABRICATION OF THE SLED

A new SLED cavity has been developed for the 1.54 GeV Figure 1 shows a schematic diagram of the dual-iris
injector linac of the KEK Accelerator Test Facility (ATF). A (new) and single-iris (original) SLED systems. Important
significant reduction of electric fields near the irises has been design principles of the dual-iris SLED system are: (1)
achieved by adopting dual side-wall coupling irises. The new implement two irises for the rf-coupling, (2) the coupling is
SLED cavities were successfully operated at an output rf-power made on the side wall of the wave guide so as to reduce the
of 380 MW after the total operation time of 500 hours without surface electric field, and (3) adopt a sturdy mechanical
any serious breakdown problems. structure for operational stability.

I. INTRODUCTION
A. Main Parameters of SLED

The Japan Linear Collider (JLC) [11 aims to deliver
electron-positron collisions at a center-of-mass energy of Parameters of the present SLED cavity such as Qo and P
300-500 GeV with a luminosity of - 5x10 33 cm- 2s-i. The KEK have been chosen so as to achieve a maximum energy gain of
Accelerator Test Facility (ATF) [2] is presently under the accelerating structures for the ATF with an input rf-power
construction as a test facility for the JLC. The ATF consists of of 85 MW and pulse width of 4.5 gts [3, 61. They are
a 1.54 GeV S-band injector linac and a 1.54 GeV test damping summarized in Table 1.
ring.

To meet the energy goal 1.54 GeV of the injector linac Table 1
with a given site constraint the accelerating gradient has to Main parameters of the dual-iris SLED system.
reach 33 MV/m. The mission of SLED cavities is to deliver the Operation frequency 256 MHz
required 400 MW output power with an 85 MW input from the Cavity size length (L) 33.59 cm
klystron. The regular unit of the linac consists of two 3 m-long : Diameter (2a) 20.51 cm
accelerating structures, an 85 MW klystron with a SLED and a Groove size : Width (wg) 1.0 cm
klystron modulator. High power (85 MW) klystron with 4.5 ts Depth (d) 0.9 cm
pulse width have been developed by TOSHIBA corporation and : Deth (D) 2.9 cm
available since 1989131. Iris size Diameter (D) 2.98 cm

The original SLED [4] scheme has been used extensively . Thickness Ctw) 1.2 cm
and reliably at SLAC for the SLC over the past several years. Quality factor (Q) -105

At the SLC the klystron output power is 65 MW with a pulse Coupling coefficient (P) 4.8
width 3.5 gis. The achieved peak power, after the pulse SLED filling time, Tc = 2Qo/ w(l+p) 1.92 As
compression, is 300 MW. The maximum power from SLED in Klystron pulse width (t) 4.5__
practice could be limited by the rf breakdown around the irises SLED output pulse width 1.0 tw
due to the high surface electric field [5]. At the ATF the input Mode separation between TE0 1 5 and TMI1 5  20 MHz
rf-power will be 85 MW, well above the SLC SLED case. An Structure : Length 3 m
excessive surface field within the cavity leads to potentially : Attenuation parameter (T) 0.57
serious breakdown problems and radiation safety hazards. Filling time 0.3__
Thus a care must be taken to reduce the surface field around
the irises. We have found that adopting two port side-wall B. Coupling Irises
coupling irises is a good solution for this problem.

TE,, The surface electric field E that appears around the

TE,(4 coupling iris is qualitatively written as

RE-NL -' (1)rp

-------------- COUPLNG IRIS where P is the power transmitted through the iris and D is the
..... 2i•' 2.i.•ii 14..II'•-TE,0  ,_ iris diameter. Here we evaluate the benefits of a dual-iris

2 - a TE 01 structure compared to a single-iris scheme. We use suffixes 1
"' "- " -It TE01s and 2 to denote the parameters in a single-iris and dual-iris

S• -® ® - a" 0_• cases. We assume that the allowed surface field strength E is
E.EC,.R.iC limited by breakdown conditions. Therefore, the maximum E

. .should be limited at the same value, independent of the iris
MA•,GNETC" r scheme choice. Thus we set E, = E, = E. It follows that

=P . (2)
,. DUAL RýS TPE tb) SINGLE-IRIS TYPE D, D2

RECTANGULtAR Hence,
I WAý 2~.C 1,~_G Ovt u E , 2/ 2P L = D- (3)

P, D,'

The coupling coefficients per iris for both type cavities are

0Y, = 2/P, (4)

"Here the P is known to be proportional to D' in an ideally
simplified case. If the power loss in the cavity and the wave

Figure 1. A schematic diagram of a SLED system for rf-power guide can be neglected, the 13 is also proportional to the
compression. coupling magnetic field 17, p. 143-1491. Thus we get
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D,' =2D1,. (5)

We apply the relation (5) in the equation (3) to obtain: ,r:;__..... _-

2P, = 2D' = L_.()_-
P1  ( L59? . (6)

This means that the excitation of the dual-iris SLED cavity can
be 1.59 times that of the original single-iris cavity. This gain .... :
can be further increased by building irises on the side wall of SINGLE-IRIS SLED DUAL-IRIS SLED
the wave guides, rather than having them on the end wall, as ____-_____ ____u_____

shown in Figure. 1. This is because the electric field strength - I w__-_......

on the side wall of the wave guide near the iris is smaller than- • *i* *tI* i i
the maximum transverse electric field in the wave guide"
which appears when the rf-power propagates. In the case of .
the S-band rectangular wave-guide (72.1mmx 34.0mm), I .
their ratio ;L,/ is 0.924, where A, and t, are the cutoff- and ...........
guide-wavelength. Therefore, the equation (5) can be modified - -

as MAFIA -

Df=(0.924) 2 x2D==L71D, (7)

By using the equation (7), instead of (5), in (3) we obtain
2P = 2D' = 1.67

P, (L71D)D, (8

By adopting dual side-wall irises, the transmitted power into MAGNETIC FIELD

the SLED cavity can be increased by a factor 1.67, while Figure 3. Electromagnetic fields in the SLED cavities calculated by
maintaining the same iris surface field. MAFIA code.

In the discussion above the wall thickness at the irises
and the power loss on the copper surface have been neglected.
Because of their effects in a real SLED cavity a small The relationship between the coupling coefficient fi and

correction needs to be applied to the expected ratio 2P,/2P2 1 in the iris diameter D has been calculated in two steps. In the

equation (8). first step the external Q value of the coupling iris (Q,,t) was
determined by using the "Tuning Method" developed by J.C.

C. Design of the S-band SLED Cavity Slater [7, p. 87]. In the second step the P was calculated from
the relationship p = QQ,,,. Figure 4 shows the measured and

To determine jptimum cavity dimensions such as the calculated relationship between P and D of our dual-iris SLED
radius (a) and length (L), we have taken a procedure as cavities for the varying iris thickness obtained by using a cold
follows: model. The results are plotted for several different iris

thickness tw.
(1) Calculate various modes and obtain the optimum Q.(y/) The agreement between the calculations and

measurements is quite good. The combination of the Tuning
as function of 2afL, where 6 is the skin depth. The a and L Method and 3D calculations with MAFIA turns out very
are searched for in a reasonable range for fabrication, useful in design work of SLED cavities. In the dual-iris
(2) Evaluate the mechanical stability for the preferred 2a/L scheme SLED cavity it has been shown that P is proportional
(3) Examine the distribution of neighboring modes and the
electromagnetic fields. to D 8

. and exp(-0.224tw). It is seen that the iris surface field
can be reduced by increasing D and t,,.

At SLAC the TEol5 mode has been chosen from considerations S-BAND SLED CAVITY

on cost, mechanical stability and mode separation [81. The 100 MAFIA

SLAC decision has a proven performance record. We have I IRIS THICKNESS t=8
taken the same choice. The degeneracy of TMils and TEoi 5  m d

modes can be removed by introducing a circular groove on the measured MAFIA
end plate of the cavity. The URMEL code [91 was used to s dta=mm ' =406 mm
calculate the resonant frequencies of the two modes as LM 1 06 m MAFIA

functions of the groove width (w.) and depth (dg). The L ,L. ,%' I =12mm

resonant frequency of the TM11s mode is always decreased by W A measured
introducing a groove. Considering the high Q value of the . =12" t=l2mm

TEo05 mode, the dimension of the groove was chosen to be w1r o 2
10 mm and dg=9 mm, which gives a mode separation of 20 Q.

MHz. 0
0- /// o

D. Three Dimensional Calculations with MAFIA

Having confirmed the principle of a dual-iris scheme
with a cold model, we have carried out three dimensional (3D) 0.1
field calculations using the MAFIA code 1101. The goal was to 15 20 30 40
find the geometry that minimizes the electric fields at the IRIS DIAMETER 0 (mm)
irises. Figure 3 shows the electromagnetic fields for both Figure 4. Calculated and measured Pvalues as a function of iris
SLED schemes. It can be seen that the two irises in the dual- diameter and thickness.
iris SLED scheme [111 are excited at opposite phases. This
means that the TMtt5 mode is hard to be excited at this E. Mechanical Structure and Fabrication ofthe Cavities
frequency. By adding the effect of the groove discussed in the
pervious section to this fact, the dual-iris SLED cavity is Figure 5 shows a photograph of the present dual-iris S-
completely free from the TMI1 5 mode at this frequency. band SLED system. A part of the end wall of the cavity was
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machined to form a thin area so that the position of the end resonant frequency of the cavities was measured during the rf
wall can be moved with a differential screw which is attached processing from time to time. It was confirmed that the
on an external jig. This allows a frequency tuning of ±1 MHz. mechanical structure of the SLED cavity was very stable, and a

A copper cooling water pipe was welded to the cylinder re-tuning of the cavities was not necessary after the initial low
wall and the grooves were formed on the outside of the end rf power turning. During the rf processing the vacuum
walls as a cooling water channel. The positions of water pipes pressure was maintained below 5x104s Torr and the reflecting
were chosen to match the wall current pattern of the TE0 15 rf-power less than 1 MW.
mode for efficient cooling. After the total operation time of 500 hours, the input

The two cavities were held within four thick plates (3 cm) power was increased up to 80 MW with 4.5 jis pulse width. The
of stainless steel. These plates were connected with each other peak output power 380 MW was achieved as shown in Figure
by four pipes of stainless steel which were also used as 6. The maximum X-ray intensity measured on the irises was
headers of the cooling water system. Since this support 4.8 mR/h during the whole process of the operation.
structure is an integral part of the cooling system, the
temperature difference between the cavity and the support is
minimized. Because of this rigid and stable support system,
these SLED cavities can be used even in a free posture.

The cavity material is class 2 OFHC which has been
delivered by Hitachi Densen Corp. The machining of the
cavity surface was made with an accuracy of ± 5 gnm and the
surface roughness < 0.2 gm. The Qo has been measured to be
the order of 105.

Figure 6. A photograph of the wave forms of input (lower) and output (upper)

rf-power of SLED system and phase of the input rf signal (middle).

V. ACKNOWLEDGMENTS

The authors wish to thank Professors Y. Kimura and K.
Takata of KEK for their continuous encouragement. The
present work has been carried out as part of the construction
program of the KEK ATF, collaboration by: S. Takeda, M.
Akemoto, H. Hayano, T. Naito, Y. Otake, J. Urakawa, and
others too numerous to list at KEK, and T. Matsui and S.
Morita of ATC Corp. Their help is greatly appreciated. The

Figure 5. A photograph of the present dual-iris SLED system. authors are grateful for critical reading of the manuscript by
N. Toge, M. Yoshioka and T. Shintake. A special mention has

III. EXPERIMENTAL SETUP AND PROCEDURE to be made that the present work could not have been carried
out without many discussions with and information from

The final goal of the present experiment is to demonstrate Professor G. A. Loew, Mrs. Z. D. Farkas, R. Forks, H.
the peak power of -400 MW with the pulse compression for the Deruyter and their colleagues at SLAC. Their generosity in
KEK ATF. Experimental set up consists of an 85 MW klystron sharing their expert knowledge is greatly acknowledged.
system, the SLED cavities, high power wave-guides, rf-loads
and a vacuum pump system. To absorb the high peak power VI. REFERENCES
(- 400 MW) from the SLED cavities, four dummy loads are
used. They have been developed at SLAC for use with 100 MW [1l JLC group, KEK report 92-16, A/H/M, National Laboratory for High
power with 1 Its pulse length at 30 pps repetition rate. The Energy Physics, Japan, December 1992.
phase reversal response time of the circuit is less than 40 ns [2] S. Takeda, Proc. of the Second Workshop on Japan Linear Collider

[13, 14]. The base vacuum pressure of 6x10- 9 Torr was (JLC),KEK, 1990, p. 6-17.
[31 H. Yonezawa, S. Miyake, K. Gonpei, K. Ohya and T. Okamoto,

achieved by using three ion pumps. Proc. 14th Int. Conf. on High Energy Accelerators, Tuskuba,
The rf processing was carried out while monitoring the JAPAN, 1989, p. [1177Y219-224.

vacuum pressure and the rf power levels from various spots in 141 P. B. Wilson, SLAC-TN-73-15, 1973.
the system. The characteristic time constants in this [51 G. A. Loew, Private discussion for the present status of SLAC SLED
procedure are determined empirically, and are incorporated system, SLAC, 1990
in the computer control program. [61 Z. D. Farkas, H. A. Hogg, G. A. Loew and P.B. Wilson, Proc. 9th

Int. Conf. on High En, -a Accelerators, SL.,kC, 1974, p. 576.

IV. EXPERIMENTAL RESULTS (71 J. C. Slater, "Microwzi P Electronics", , Van Nostrand Company
Inc., p. 87, p. 143-149.

The rf processing of the wave guide and the rf loads were (81 Z. D. Farkas, H. A. Hogg, G. A. Loew and P.B. Vvilson, SLAC-

first carried out by detuning the SLED cavities by up to 75 MW PUB-1561, March 1975

with a full-length 4.5 gs pulse. Then the cavities were tuned to 191 T. Weiland, Nucl. Inst. Meth. 216(1983), p. 329- 348
(10] M. Bartach, M. Dehler, M. Dohlus, P. Hahne, R. Klatt, F.

the operation frequency and the rf processing was applied Krawcyzk, Z. Min, T. Prbpper, P. Schiitt, T. Weiland, S. Wipf, M.
again until the input power is increased to 80 MW. This was Marx, F. Ebeling and B. Steffen, Proc. 1990 Linac Conference,
done without using phase reversing. At this stage the peak Albuquerque, 1990, p. 372-377.
output power from the SLED cavities was 2.2 times the input [Ill A. Fiebig, R. Hohbach, P. Marchand and J. 0. Pearce, CERN/PS

power. 87-45 [RF], March 1987.
After the pre-processing, SLED operations with rf phase (131 Heinz D. Schwarz, SLAC-PUB-3600, March 1985.

switching were started, first at a low rf power level. The [14] S. Araki and Y. Otake, Proc. of the 16th Linear Accelerater Meeting
in Japan. September 3-5, 1991, p. 97-99.

961



Performance Tests of a Ferrite-Loaded Cavity under Operation
Conditions

S. Papureanu, Ch. Hamm, A. Schnase, and H. Meuth
Forschungszentrum JMilich, P.O. Box 1913, D-54245 JMlich

Abstract: inductively (Fig. 1).
The station operates in the h = 1 acceleration mode,

The ferrite loaded, tunable reentrant-coaxial symmetric with frequencies ranging from 450 kHz to 1.6 MHz.
(2AX/4) accelerator cavity for the cooler synchrotron COSY Acceleration voltage amplitudes up to 5 kV are possible.
is of the SATURNE type. For h=1, frequencies range from COSY very likely will have to pass transition in order
450 kHz at injection to a maximum of 1.6 MHz, with a to reach its topmost energy design values, this also poses
maximum rf power level of 50 kW. We have determined demands on the performance of the acceleration system.
the cavity circuit properties both at low signal levels with The entire station was, with the exception of all low-level rf
standard rf test equipment, and at operation conditions, signal synthesis components [41, manufactured by a consor-
depending on frequency and power level. Moreover, the ac- tium of Thomson Tubes Electroniques, and the Laboratoire
celeration system was tested for its suitability to pass National Saturne. Since its installation in 1992, the system
through gamma transition. For this end, a sudden phase was continually adapted to the needs of COSY, as they
jump of 1800 was imposed at the input of the amplifier emerged during commissioning.
chain by means of the digital frequency synthesizer deve-
loped for COSY. At higher frequencies, a loss of Q was ob- 2. ELECTRIC CHARACTERISTICS
served, partly aiding the transition crossing speed. Finally,
a simple replacement circuit, incorporating the measured To define the acceleration station's electrical performance
quantities, is used to model the cavity, characteristics, we must first consider a suitable lumped-ele-

ment circuit schematic.
1. INTRODUCTION

2.1 Circuit Schematic
Synchrotrons with non-relativistic injection energy

require a large tuning range, to adjust to the continuously Main features of the circuit are the cavity itself, defined
varying revolution frequency during acceleration. Tuning is by an inductor and capacitor on each side, coupled via the
achieved by biasing a ferrite material inside the cavity by gap capacitance, and the polarisation windings, which are fed
means of a polarisation current. High-permeability ferrites by a slowly varying ("DC") current, as mandated by the
arc required to reduce wavelengths at low frequencies to a tuning requirement (Fig. 1) The amplifier may, on each
few meters. Thus, ferrite-loaded cavities are used with side, be simplified to a voltage source with a following load
virtually every proton or heavy-ion synchrotron accelerator. resistor, the rf tube's internal resistance, to act somewhat

There exist a number of basic configurations of such like a current source.
cavities, the most predominant types being a single-sided
V/2 structure, as used in MIMAS/LNS or LEAR/CERN,
and a double-sided symmetric (push-pull) configuration, as
used in SATURNEII/LNS or PSBooster/CERN. For bia- p 13 L
sing, both the common figure-eight windings around the
ferrite toroids inside the cavity, and an external quadrupole L. I T L,
magnet is used. The latter method was proposed and devel- 2 2Cg
oped, in cooperation with MPI Heidelberg, by one of us GG
(S.P.) for TSR, to eliminate any possibility of rf-to-biasing[.- U --
crosscoupling 11]. 2

Cavities are regularly coaxial reentrant, to provide the
geometry for a beam tube on axis, and a suitable electric R& THI20 THI20 RFh
accelerating field in axial direction. Cavity characteristics
are somewhat complex, depending on the nonlinear thermal Fig. 1: Simplified circuit schematic of the COSY
and magnetic properties, the latter being also strongly acceleration station
frequency dependent. Measurements on such cavities,
therefore, sensitively depend on the actual measurement and It was the goal of our measurements to either directly
operation conditions. determine or derive from these measurements, the value of

In the following, we restrict ourselves to measurements each of these circuit elements.
made on the acceleration station for COSY [2], which is of
the coaxial reentrant symmetric type, with a push-pull RF- 2.2 LCR bridge and vector impedance measurements
power amplifier, consisting essentially of TTE THI20
power tubes, capable of dissipating 45 kW each, integrated For both measurements a standard set up was used.
directly into the acceleration station [3]: The power However, care has to be taken to avoid errors induced by
amplifier is coupled to the cavity capacitively and supplementary grounding loops.
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The LCR-bridge and vector impedance meter both have to be
supplied over a decoupling transformer

Also, due to the hysteresis of the ferrites, one has to splitter 1800
establish specified magnetic conditions. In this case all mea- ENI
surements were taken by starting from the upper saturation NCO
point on the hysteresis loop.

Cavity inductance for low frequencies (f = I kHz) was DSA
measured directly via the LCR-Bridge connected across 602A
points 1 and 2 (Fig 1) by setting the polarisation current to BRUKERchl ch
the predetermined value required for saturation and then de-
creasing this current in small steps, taking down the induc- PW AM IE
lance at each step. WER AMPLIFIER

To determine if the inductance of this cavity is also and CAVITY Vap
dependent on frequency, the impedance over polarisation

current was measured across points I and 2 of Fig. I with a Fig. 3: Set up for testing phase jump of 1800
vector impedance meter for frequencies between 0.5 and 1.5
MHz, the operating range of our cavity. With a known For low frequencies and moderate RF-amplitudes (Fig. 4)
value of C the, Inductance can be derived from frequency and the gap voltage over time after the phase switch is given by
the absolute value and phase angle of the complex impe- the solution of the standard differential equation for forced
dance as given by the vector impedance meter. The results oscillations:
of these measurements are given in Fig. 2. V(t) = Vo.exp IQQ t.sin(w, t + (po) + ý sin(o t + 10

V~t) - 2QJ

7- . 0,5MHz with 0)r =to I - (2(1

impvector 0.8 MHz Vo and 0po being determined by initial conditions. For a
50 ........ L-"...----: impedance f phase jump of 1800 at zero crossing one obtains for the"" : +. : meter 10Mz

40 1.0. Mez damped oscillation:
9 ~ 1.5 MHz -

,30 i CR-bi ge V(t) = 2-V.sin((0t)-exp t (2)."•• 0 .... .... •... . .... + ........ ...... 2 Q... .... :.... ...
: f 1... .... z - Above some critical value - 6 kV • MHz off VRF

10 ....... ..... • . ....... . ............... ........ ....... (Fig. 5) there is sudden breakdown of cavity Q, resulting in
_________ "__"_a serious overshoot (Fig. 6)of the gap voltage .The

0 'i'i ' t'i I ' I * I ' I behavior of the cavity can no longer be described by (1).
-10 10 30 50 70 90 The amplitude over time of the transient solution is some

polarisation current/[A] function f(t), as Q now strongly depends on frequency and
RF-amplitude. At 1.5 MHz and an amplitude of 5 kV,

Fig. 2: Inductance over polarisation current approximately the RF-parameters when crossing the
transition energy at COSY, the amplitude stabilizes to the

2.4 High-Power Measurements initial value only after about 2 ms (not depicted here). By
switching on the control loop, settling time can be consid-

Cavity Q i.e power dissipation and the response of the erably reduced
cavity to a phase jump of 1800 were measured over a variety
of frequencies between 540 kHz and 1.5 MHz and RF- 6 I . .. ... i...uIu...,,,.. Iu... .
voltages between 1 and 5 kVp. The measurement set up is
depicted in Fig. 3. > 4 ....... ........... ......... ......... ...

One evident method of determining Q is switching off
the power generator and observing the decay of gap voltage. 2 2

Here, an alternative method is used, employing the response 0
of the resonator to a phase jump as is necessary when "
crossing transition energy. This method has the advantage
of determining Q at operating conditions, and also, we get
the variation of the gap voltage after the phase switch. For -4
these measurements, the phase and amplitude control were
switched off, since they would falsify the measured Q value. -6 -... - .... I m r .. I-....i-...

The phase of the NCO's signal is switched 1800 at the 0 5 10 15 20 25 30 35 40
zero crossing to, of the gap voltage. The oscillogram of the time / us
resulting gap voltage is digitally recorded by a digitizing 0.54 MHz / 4.5 kVp overshoot 0%
oscilloscope of the type HP DSA 602A. Fig. 4: Gap voltage over time after phase switch
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6 3. THERMAL CHARACTERISTICS

4 Under normal operating conditions the power disssipated in
A the resonator's ferrites is considerable (in excess of 10 kW),

"2 .. i.e. they have to be efficiently cooled. Each ferrite is inter-
calated between two copper cooling discs. There are four

•. 0 groups of six cooling disks with a serial water flow con-
..nection for each side of the cavity. The water temperature at

the output from each of the 48 cooling discs is depicted in
Fig. 8 for f = 1.6 MHz at Vgap = 3.7 kVp, cw mode and a
water input temperature of 21.9'C.

0 5 10 15 20 25 30 35 40
time / us 38- . . . . .. . . .. -

1.2 MHz /4.5 kVp overshoot 16% 36 " . : .......f .. .................... ....... ....i ...... i ....... .....3 ........, ...... ..............- --....... ..
Fig. 5: Gap voltage over time after phase switch wate in'. 3 2 . .... .... . . ........ ...... ........ •......

30 " .... water out10 3

S .. ...6 .. .... •....... E 2 6.. ... .. .. . ..... :....... . .....
N2 28

20 4
-24 -16 -8 0 8 16 24

..... cooling plate no.

-10 Fig. 8: Cavity cooling water temperature repartition
0 5 10 15 20 25 30 35 40

time / ,s We can observe an asymmetry in the dissipated power
1.5 MHz / 4.5 kVp overshoot 100% between the left and the right side of the resonator which is

probably due to the difference in the RF-characteristics of
Fig. 6: Gap voltage over time after phase switch the ferrites. An increase of Vgap of only 5% produces the

Q-loss effect in our ferrites resulting in a continuous rise of
30s 11.... I .... . . . the cooling water temperature. In order to obtain higher cw

/ kHz gap voltages, we improved cooling at the shorted end of the
cavity. The results for power dissipation derived from these-- 540, measurements are in rough agreement with those derived

+,120 from the measurements of Q mentioned in this paper.
2. 2 ---.-- 1500 ..... -.. .We will report on the improvements obtains hereby and on

"4 1:further measurements elsewhere.S.............."" .......... ........ .'" *'¢°'"'' ........ ...... .....

....... ........................... ... -4. REFERENCES:
..... ....... C ........ .. ...... ........ . [11 M. Grieser et. al., Recent Developments at the

Heidelberg tleavy Ion Cooler Storage Ring 7SR,
0• jEPAC 92, p. 152

1000 2000 3000 4000 5000 6000 12] R. Maier, U. Pfister, The COSY-Jiilich Project March
gap voltage /Vp 1992 Status, EPAC 92, p. 149

131 C. Fougeron, Ph. Guidde, and K.C. N Guyen, RF

Fig. 7: Power dissipation over gap voltage System for SATURNE II, PAC, San Francisco 1979.
[41 A. Schnase, et al., EPAC 92; H. Meuth, A. Schnase,

From the measurements mentioned above, parameters were and H. Hailing, this conference.
derived for a SPICE model of the resonator, which is [5] Ch. Hamm, Ein SPICE Modell der COSY h=1 Be
capable of simulating some aspects of the non linear schleunigerstation, Diploma Thesis 1993 Univ. Bonn
response characteristics shown here
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CLIC Transfer Structure (CTS) Simulations Using "MAFIA".

A. Millich

CERN
1211 Geneva 23. Switzerland

stract

In the two-beam accelerator scheme of CLIC the Transfer
ucture serves the purpose of extracting 30 GHz power from
Sdrive beam. The purpose of the 3D simulations of the 30
iz CTS using the MAFIA set of codes has been to assist .. , " .- ,

, designers in the choice of the final dimensions by appreci- -_____"

ng the sensitivity of the RF characteristics to the mechani- -_ _ __ _ _

I parameters. The results of the frequency domain analysis .
ve allowed plotting of the dispersion curves of the -
iveguides and appreciation the relative importance of higher
xles. The time domain investigations have produced results
the shape and magnitude of the beam-induced longitudinal

d tansverse wake fields and of the loss factors.
Fig. I CLIC Transfer Structure Geometry (upper half)

1. INTRODUCTION Courery of L. Thorndahl and G. Carron.

The length of the CTS is such that the duration of the energy
The CLIC Tramsfer Structure serves the purpose of extract- discharge pulse fills the gap between two successive bunch

g 30 GHz power from the drive beam in the two-beam accel- trains spaced 2.84 nsec or one 352 MHz period. Taking into
ator scheme of CLIC 1]. Initial design of the CTS was account the bunch train transit time and its time span, one
sed on model work using the wire method of beam simula- CTS is about 0.50 in long and presents 144 rounded teeth in
)n [2]. This provided the designers with approximate CTS the waveguides. Four bunch trains are therefore necessary to
mensions and wake field magnitudes. provide a pulse of duration longer than 11.1 nsec, which is

the main linac disc-loaded waveguide filling time. The energy
A complementary method, described here, makes use of stored in the CTS waveguides by one train of bunches must

nulations of the 30 GHz structure by computer codes. The supply a power level of 80 MW during 2.84 nsec.
rs geometry not being axes-symmetric, a three dimensional
mulation using the code MAFIA [31 was performed on a 3. MESH GENERATION AND
JN-[PX workstation. In spite of the restrictions on the FREQUENCY DOMAIN ANALYSIS
imber of mesh points imposed by the limited memory space
2 Mbytes of main memory) the results obtained confirmed
d completed the ones obtained by model measurements. By means of the MAFIA module M310 the CTS geome-

try was simulated as shown in Fig. 2.

Z. CTS GEOMETRY AND FUNCTION

The CTS essentially consists of a smooth cylindrical beam
iamber of 12 mm diameter, which is coupled by means of
ametrically opposite slots to two periodically loaded rectan-
ilar (8 x 4 mm) waveguides (Fig. 1). The periodicity of the
aveguide 'teeth' is such that the phase velocity of the 2x/3
ode at 30 GHz is equal to the speed of light in vacuum.

The ultra relativistic drive beam creates in the waveguides
field that propagates in phase with the exciting bunch, so
at constructive transfer of energy to the waveguide mode is
)ssible all along the structure. The drive beam is made up
a train of bunches spaced by one wavelength of the 30 GHz
ode, which is 10 mm, so that each bunch contributes to the
iherent excitation of the mode, the energy of which increases
atil the last bunch has left the structure. At that moment Fig. 2 Mesh of a six cells section of CTS (only one quarter
e waveguides are filled with energy which propagates at the shown).
oup velocity of about one third the speed of light and which
transferred to the main linac disc-loaded structure.
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Thanks to symmetry, only one fourth of the structure needs Table 2. CTS RF parameters
to be retained in the simulation. The memory space available
in the workstation being limited, only six cells were used in Synchronous mode frequency = 30.00 GHZ
the frequency domain computations with 64000 mesh points,
whereas 12 cells with 128000 mesh points were used in the Q factor = 3808

time domain computation of wake fields. The average resolu- Shunt impedance R' = 12.6 K i/m
tion in the three dimensions is 0.3 mm. The beam trajectory (true ohms)
is the z axis which coincides with the axis of the cylindrical r' = R'/Q = 3.30 Q/m
chamber.

Loss factor k'= 0.156 V/pCm
By means of modules R310 and E310 the resonant modes

of the CTS were computed. The solutions found varying the
boundary conditions of the z end planes present a phase shift
per cell from 0 to x in steps of 1/6. They are shown in Table
1, while the dispersion characteristic is plotted in Fig. 3. 4. WAKE FIELDS COMPUTATION IN

Table 1. Normal modes found by MAFIA for the first CTS TIME DOMAIN
pass band.

Mode Frequency (GHz) Phase shift/Ceil 4.1 Longitudinal wake fields
number __ _ For this analysis the 12 cells geometry was used in module

1 19.729 0 T3310. The boundary conditions were chosen as perfect mag-

2 20.759 n/6 netic conductors for the x = 0 and y = 0 symmetry planes,

3 while for the z end planes the waveguide condition was ir-
3_ _ 23.430 _ /3posed. For the computation of the longitudinal wake field, a
4 26.858 i/2 bunch of az = 1 mm and charge normalised to 1 pC was

5 30.000 2x/3 placed in the centre of the beam chamber. The longitudinal

6 32.027 5x/6 wake is shown in Fig. 4. It is a damped sinusoid with zero

1 7 1 32.690 X crossings distant exactly one 30 GHz wavelength or 10 mm.

The dimensions of the CTS were chosen such that the
intersection of the line representing a phase velocity equal to
the speed of light with the dispersion curve occurs at the
frequency of the 2x/3 mode, which is 30.00 GHz. The group 0.
velocity of the 2x/3 mode is 32% of the speed of light.

0.05

INS. -0.05

• ~-0,I

.4 -0.2 0 0.01 0.02 3.03 3.04 0C5

:4 Fig. 4 Longitudinal wake field of a bunch of az = 1 mm
charge 1pC traversing one CTS structure. Vertical scale
V/pC, horizontal scale: m)

P1N ?7 ."P/ The peak field seen by the second bunch in the train is found
to be 1.5 10-2 V/pC for the 12 cells length, or 0.315

Fig. 3 Dispersion characteristic of the CS V/pCm. A bunch of 160 nC generates a peak wake field of
60 KV/m at the second bunch position. The last bunch in the
train, say the 1 th, experiences ten times this peak field plus

By means of the post processor P3 10, the Q of the struc- its own wake, that is about 630 KV/m, so that on average the
ture was computed together with the shunt impedance per unit bunch train sees a decelerating voltage of 330 KV/m with a
length R' and the r'=R'/Q parameter. Table 2 gives the loss of 0.58 J/m, which is the energy that gets transferred to
numerical values including those of the longitudinal loss the waveguide modes.
factor per unit length and per structure for the 2Y/3 mode.
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4.2 Transverse wake fields

The knowledge of the amplitude and shape of these wake -0

fields is of paramount importance for the studies of the
transverse drive beam stability by means of tracking 60

programs. (4)
50

Setting the y = 0 symmetry plane as perfectly conducting,
only the deflecting modes are excited by the bunch placed one 40

mnm off centre in the y direction. The bunch exciting the
wake experiences its own deflecting action which reaches a
maximum at its tail. Since the transverse wake is offset by
x/2 with respect to the longitudinal one, the subsequent
bunches arrive at the nodes of the wake field and thereforetno ,a,, ,s P 1,2 :,13 52x/, ?I

cumulative deflecting effect occurs for particles near the bunch .4_t. P
centre. The peak transverse wake field is found to be 2.9 10-3 °1-

V/pC for I mm beam displacement and 12 cells length, which Fig. 6 Pass bnds of the periodically loaded CTS waveguide
corresponds to 32 V/pCm for one CTS structure. Fig 5 in the range 18 GHz to 72 GHz
shows the computed transverse wake field.

6. MECHANICAL TOLERANCES

MAFIA has proved to be a very helpful tool in the deter-
mination of the sensitivity of the CTS RF properties to the

20 ' mechanical parameters of the structure [5]. To this end small
variations have been applied to the four main parameters of
the waveguides, namely their width and height as well as to
the teeth height and length in the z direction, and the resulting

0 2 variation in the 2x13 mode frequency computed by means of
the E3 10 module.

-01 Table 3. Sensitivity of the 2x/3 mode frequency to the

-20 mechanical parameters: Wh, Ww, Th, TI, respec-
tively height and width of the waveguide and
height and length of teeth.

C :. 03 •0, :Wh = 4.0 mm Af/AWh = 0.44 MHz4Lm

Fig. 5 Transverse wake field of a bunch with z= 1m am, Ww =8.0rmm Af/AWw = 1.67MHz4Lm
charge 1 pC, traversing one CTS structure. (Vertical Th = 2.0 mm A f/ATh = 4.30 MHz4im
scale V/pCm, horizontal scale: m) TI = 1.666 mm A f/A TI = 2.45 MHz/pm

5. HIGHER ORDER MODES REFERENCES

The present version of the MAFIA program does not I. W. Schnell, The CLIC Study of an Electron-Positron
allow to explore the resonant modes of a structure in a user Collider, Contribution to LC92 ECFA Workshop on e+e"
defined frequency interva' but it finds all the modes starting Linear Colliders, Garmish Partenkirchen, August 1992.
with the lowest one. This feature sets a limitation on the CERN SL/92-51 and CLIC Note 184.
number of higher bands one can explore given a fixed amount 2 L. Thorndahl, G. Carron, Impedance and Loss Factor
of computer memory available. Using the six cells geometry . Measurements on a CLIC Transfer Structure (CTS),
of the rectangular waveguisde without the cylindrical beam Proceedings of the Third Euro-pean Particle Accelerator
chamber, it was possible to find some forty modes in the Conference, EPAC 92, Berlin, 24-28 March 1992, pp
frequency band from 18 GHz to 72 GHz. Fig 6 shows the 913,9159
resulting dispersion diagram. The intersections of the straight 913,915.
line representing a phase velocity equal to the speed of light 3. MAFIA User Handbook, The MAFIA Collaboration.
with the dispersion curves indicates the synchronous modes 4. G. Guignard, Beam Dynamics Investigations for the
that may be harmful to the beam. The relative importance of CLIC Drive Beam, CERN SL/92-22(AP) and CLIC Note
the shunt impedance of these modes with respect to the 157.
fundamental one, the synchronous 2xr/3 at 30 GHz, has been 5. L. Thomdahl, G. Caron, RF Hardware Development
computed and the results have shown that only the TE30 Work for the CLIC Drive Beam. These Proceedings.
mode has an appreciable effect, of the order of 5%.
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Magnetron Sputtering Configuration for Coating 1.3 GHz Cavities with a Nb
Film

M.Minestrini, M.Ferrario, S.Kulinski*
S.Tazzari#INFN, LNF, P.O. Box 13, 00044 Frascati, Italy

# INFN Sezione di Tor Vergata, Via E. Carnevale, 00178 Roma, Italy

Abstract This is the present sputtering system configuration used
In the framework of the ARES project and as possible at CERN to coat 350 MHz copper cavities with Nb films 14].

application for TESLA project, we are assembling, in the 2 nd The magnetic field necessary to confine electrons is produced
University of Rome, a system to study the deposition of Nb by a coil placed inside the cathode; the coil is moved in steps
film on TESLA type copper cavity. Magnetron sputtering to along the cavity axis to achieve a uniform coating.
coat accelerating cavities with superconducting film was
developed at CERN for 500 MHz cavities, 3 times larger than
TESLA cavities; while it's relatively easy to scale the
technique up to larger cavities (as for instance to the 350 MHz
LEP cavities) there are some difficulties to scale it down,
particularly as concerns the coils located on the inside of the
cathode used at CERN to stabilize the discharge, unless small
permanent magnets are used that do not allow full control over
all discharge parameters. A possible solution is to put the
coils outside the cavity in a magnetic bottle configuration. A
brief review on sputterin- of cavities, the simulation of
electrons trajectories in a magnetic bottle and the sputtering So ,,w
test setup are described.

I. INTRODUCTION 0 \

Sputtering is a well known and useful technique for 200

coating RF copper cavities with superconducting thin film. In 100
the sputtering process [1] one ejects source material from the z I, m
cathode in vapor phase by bombarding the surface of the -20 -10 10 20

cathode with ions of sufficient energy (at least 30 eV), in our
case Argon ions accelerated by an electric field; the ejected -10 -5 5 10
atoms condense on the wall in front of the cathode forming the 0.9
thin film. 0 s

There are different sputtering configurations of which the 0.7
simplest is the diode one. In this configuration the cathode is
negatively polarized with respect to grounded copper substrate
electrically connected to the anode. Some of the problems of 0.1
this configuration are film contamination due to impurities n/n 0
coming from the pumping system, unavoidable at high
working pressures and from the chamber wall degassing due to Figure 1. a) Magnetic mirror field lines
discharge heating, and mechanical complications in case of b) Longitudinal magnetic field intensity on cathode surface
sputtering inside a cavity (first CERN approach [21, [3]). c) Normalized longitudinal plasma density

Low pressure is therefore mandatory but to obtain
reasonable sputtering rates at low pressure the ionizauon The RF frequency selected for TESLA being 1.3 GHz.
degree of sputtering gas has to be increased by increasing the the cavities are 3 times smaller than those on which the
ionization efficiency of electrons in the discharge. To CERN technique has been optimized. The CERN technique
accomplish this the electrons active path must be restrained to cannot therefore be scaled down straightforwardly, unless small
the vicinity of the cathode, for instance superposing a permanent magnets (typically Samarium-Cobalt alloy)) are
perpendicular magnetic field on the electric one so as to used that fit comfortably inside the cathode. The latter however
prevent electrons from losing their energy through collisions produce a fixed magnetic field configuration that limits the
at the anode rather than through ionization. range of the discharge parameters variation. An alternative way

of confining the discharge is to use a magnetic mirror field
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configuration. The latter is well known from plasma physics Finally, because the mair potential drop in the plasma,
and refers to the fact that charged particles spiraling around a in our case corresponding to the cathode drop, occurs over
static magnetic field line will be reflected by a region of approximately one Debye length, one can assume that in this
stronger field due to the adiabatic constant of the motion thin sheet no collisions occur; all ions created in the plasma
/1 = mv 2 / 2B. A magnetic mirror can be obtained, as it is in and arriving to the cathode can thus be assumed to have at
our design (Fig. la) by means of two coils placed on the least an energy corresponding to the cathode voltage drop, i.e.
outside of the cavity cut-off pipes. The field shape is obtained about 0.75+0.80 of the total potential difference. On the other
by suitable soft iron poles. hand the secondary electrons, created at the cathode surface by

The field has a minimum (- 200 Gauss) at the center of impinging ions, also gain the same energy but, having
the cavity and a mirror ratio (that is a measure of the trapping Larmor radius much larger than Debye length, can enter the
efficiency) Bmax./Bmin.= 2 (Fig.lb). main plasma and thus become the primary source of

electrons and ions v close ionization. Furthermore since the radial motion of electrons in
Doiengr sof whe epctthod c t vura the magnetic field is periodic, most of the electrons return to

to the center of the cathode. In such a configuration in fact

charges are subjected to an axial restoring force the cathode, unless their have experienced a collision with an

I. = -p(dU(z) / dz), where U(z) = pB(z) is a potential well atom or an ion.

proportional to the magnetic field strength. Charges are
confined if the condition (v1 I v)> (Bra n/ Bmax) holds. The
charge density longitudinal distribution is given by 9

U(z)-UI,.

n(z) / n e KT

and is shown in Fig.lc for the worst case (v. / v)= 1/2 ,r2

II. ESTIMATE OF PLASMA PARAMETERS

Usual external discharge parameter ranges are: pressure of • 0

the working gas (10-4+10-2) mbar corresponding to
n=2.65(1012+-1014 )cmn3, potential difference between electrodes
V-(500+1000) Volt, magnetic field B-(200+1000) Gauss. To ,
estimate the ionization fraction ni/n, we neglect for the
moment secondary electrons created by impinging ions and 3
therefore assume that the cathode current is due to ions only.

The current is then given by l=qniviSc where q is the ion .
charge, ni the ion density, vi the ion velocity and S, the active -1.0 -0,5 0.0 0.5 1.0
surface of the cathode.
The ion density is thus:I

n, = I =9.5xl0'0 1xcm- = 9.5xl0'°cm-3  Figure 2. A simulated transverse electron trajectory with
qviS, random collision (+)

with S,9 15cm 2,
v, = 2.18x N/u l0 5 cm/s = 4.366x 106cm / s and u= 400 V. Unless a collision occurs, the electron path in the
"The degree of ionization is transverse plane (X,Y) (Fig. 2) is always linked to the same

d. = n2_ loll 38x 10 magnetic field equipotential surface: an electron originating
n 2.65 x l03 -" . X from the cathode experiences an intense electric field and starts

with P-10-3 mbar =* n=2.65x 1013 cm-3. to move in a cycloidal orbit around the cathode because of the
Because the main part of the plasma is neutral, drift effect E x B takes place (orbit 1). Usually collisions

%02--nin 101'1cm- 3. Assuming that the temperature (energy) of will occur in the main plasma body where the electric field is
electrons is close to the ionization potential of Ar Vig 15.8eV. weak so that the orbit will be almost circular with a radius rL,
the Debye length for the plasma becomes depending on the perpendicular energy (orbit 2). At the same

e 7.43 x 102 T' 2n- time electron with longitudinal component of the velocity,
ne 2 moves towards the stronger magnetic field end regions; its

where XD in cn if Te in volts and ne in cm-3. orbit is shifted closer to the cathode and if it moves back into

For Te Z 10eV and ne-- 10"1 = kD=0.743x10-2cm. the cathode drop region it restarts on a cycloidal path (orbit 3).

The electrons [armor radius is rt1 , = 3.371/-u / B cm, for u in In the longitudinal direction (Z) (Fig 3) the electron is reflected

volts and B in Gauss: taking u = KT, 9 10eV and B=200 by the mirror (orbit 4) because (V.L / v)> I/ ,. Collisions

Gauss one obtains r,•=5.3xl0-2 cm. will be another source of energy gain for low energy electrons
created in the plasma and of radial and axial drift. We have
estimated that on average electrons can have more than 100
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collisions before arriving to the anode and can gain an energy The cathode consists of a vacuum tight stainless steel
of the order of 10 eV. tube (17 mm inner diameter) surrounded by a niobium liner

(20/24 mm inner/outer diameters). The liner is an high purity
4 Nb tube (RRR value better than 100) without welds. The

stainless steel tube is also equipped with an inner support to
hold and center 7 SamCo permanent magnets (small cylinders
8 mm diameter 16 mm long) cooled by a liquid freon circuit
sized to handle about 2 KW of power. Preliminary tests to
optimize discharge parameters will be carried out both with
permanent magnets and with the magnetic bottle field
configuration.

N
freon input/output

5x10 8  lxltO7  1.5x10"7  2x10 7 ••7

TIME [sec] Langnuir
probe

Figure 3. Longitudinal electron displacement with random H Agauge

collision (+) B gauge

III. SPUTITERING SYSTEM diap-am ! ir n
#l 0.6 nmm

The sputtering system that we are assembling is HP o"

schematically shown in Fig.4.
It can accommodate different stainless steel TESLA type VAT

cavities on the inner walls of which, along the whole cavity ,eued VA

profile, copper and sapphire samples can be fastened that pumpng lne

allow studying the characteristics of the film over a wide prn .

portion of the surface. We plan to characterize the Nb film
through RRR (Residual Resistivity Ratio) and Tc ___ VWV_ _ _M3

measurements, Auger, SEM (Scanning Electron Microscope) ultracleaned

and X rays analysis. Plasma characteristics will be studied pumping group

using Langmuir probes.
The system is evacuated by an ultraclean pumping group 4 IA"fl/ ! S

consisting of a 4 m3/h diaphragm pump for the primary J ýx,, 0,3
vacuum and two cascaded turbo molecular pumps (pumping
speed respectively 180 I/sec and 520 l/sec) one of which on Figure 4. Sputtering system scheme
magnetic bearings. A very good compression ratio for
hydrogen, good ultimate pressure (~10"10 mbar) and total IV. REFERENCES
absence of hydrocarbons is obtained. [11 J.A.Thornton, A.S.Penfold, Thin film processes,

The system is equipped with a residual gas analyzer J.L.Vossen Academic Press, New York (1978).
(RGA) to study the ultimate pressure gas composition, and to [21 C.Benvenuti, N.Circelli, M.Hauer, IEEE Trans. Magn.
monitor the percentage of gas produced during sputtering, MAG-21 153 (1985).
notably hydrogen, that damages the film structure if it exceeds
a certain threshold. To use the RGA while sputtering, in a
relatively high operating pressure (_10-3 mbar), we need 5 (1984).
differential pumping; the RGA therefore communicates with 141 C.Benvenuti, D.Bloess. E.Chiaveri. N.Hilleret,

diffrenialpuming th RG theefoe cmmuicaes ith M.Minestrini, W.Weingarten, Proc. 3rd workshop on RF
the cavity through a 0.6 mm diaphragm and it is equipped sue cn cti vi, Argo ne pt 1987.

with another pumping system that produces a 3 order of superconductivity, Argonne Sept 1987.

magnitude pressure drop through the diaphragm.
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ACCELERATOR STRUCTURE FOR LOW-ENERGY ELECTRON BEAM

A.V. Mishin

Moscow Engineering Physics Institute

Moscow, Russia

Abstract acceleration [7]. The phase speed we can write as
A special high quality bunching cell for low-

onergy electron boa, pro-acceleration is described. vp= 2yrfD/(e + 21m) (1)

This cell was tested in an X-band standing wave accel-
erator. 25-keV electrons were injected into this f - frequency;
bunching cell, connected to a linac structure, and D - structure cell length;

more than 50% of them accelerated to the nominal e - phase shift per cell;

energy. a - Fourier series harmonic number.

I. INTRODUCTION For example, using a =/- 1 harmonics

The problem of low-energy electron injection v P 3vP

into an accelerator structure is of interest from a a -

practical point of view, particularly for industrial and (2)
and medical portable linacs E1l. E21. and (31. But

this problem is difficult to solve easily. It is well Vp 5v'P

known that comonly used accelerator structures such

as disc loaded wave guide (Dub), and on-axis coupled

or side-coupled resonant structures are not effective we can make the cell three or five times longer and
in the normalized particle velocity interval under 0. 4 reduce the attenuation parameter. Table 1 presents

- 0.5 because of high attenuation parameters and the DLWG travelling wave shunt invedance values in

accordingly low quality factor and shunt impedance KOhm/a for three different space harmonics and vari-

values, able iris hole radius in synchronized particle veloci-

ties interval.
On one hand, this undesirable range can be

avoided by using the high injection voltage - not lose Table 1 Space Harmonics Shunt Impedance, 1Oh/m

than 50 kV and sometimes up to 185 kV, as in the Tokyo

University accelerator (4]. This is not desirable. particle

velocity 0.2 x c 0.4 x c
On the other hand, if the acceleration field

is high enough we can "cut out" a short phase range of a/N 0.1 0.12 0.14 0.1 0.12 0.14

injected particles without care about the capture I -

rate. This is also not desirable. In addition, the m a +1 0.3 0.11 0.02 1.7 1.6 0.96

above methods are much more complicated at X- and 0-

band. m a -1 0.8 0.24 0.06 10.2 6.7 4.1

The offered standing wave structure [51. E6] a = 0 0.9 0.05 0.02 11.8 7.5 4.7
has a higher quality factor and shunt impedance in low J

energy ranges and allows bunching and preaccelerating

of more than 50% of injected particles without an There are a number of advantages and disadvan-

external focusing field. This structure can be easily tages in using different space harmonics, but the

integrated with others. essential result is that their efficiency is compara-

tively low in this velocity interval.
II. GENERAL REMARKS

Actually, we can consider the process of
As indicated above, the lower the particle acceleration using different space harmonics numbers

velocity the less efficient the structure when using as having different transit time effects. Using the

the main field space harmonic for acceleration, relationship between accelerating gap transit tine

(tt) and microwave field oscillation period (T) we
Next we consider higher number space harmonics for
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obtain t= 5n( 2w/e x t/>,- (4)
tt =1.5 X T, a -L (3)

" free space wavelength.

In the second case, when a a -1. a particle

Iequentially seeo the accelerating, the decelerating The smaller the wavelength (for example in X-
and then the accelerating field during the gap transi- and 0-band), the higher
tion time. so the integral effect is positive. But
the deceleration field seen by a particle is in the Using Fourier analysis and considering the
gap middle area and has a maximum efficiency. center of the drift tube as a starting coordinate we

determine that the number of the acceleration field
The main idea of the offered structure is to place a harmonic is a c 5 for the field shown in Fig. 1.
drift tube in the middle of the gap, where a particle

normally sees the decelerating field, as it is done in III. EXPERIMENTAL VERIFICATION
the Alvarez structure. This keeps the field phase
locked on the opposite sides of the drift tube as The single dual-cell resonator for the offered
shown in Fig. 1. structure is shown in Fig. 3. Two types of investi-

gated parameters are shown in Table 2.

---------

Fig. 1 Cross-section of the Structure
Fig. 3 Experimental Resonator

The dependence of the offered structure shunt Formed by a Pair of Cells
impedance an the synchro-particle normalized velocity

compared to those of the usual structures is shown in Table 2
Fig. 2. Parameters of X-Band Resonators

z-X MOhm/mY - d 2r 2a -0 EmaXj(PQ) 1 /2

m I mm - -- kV/9lI2/a

1 12.56 5.00 7.68 4000 1336

J6 2 8.08 5.00 7.68 4000 1336

For both types the parameter (2d+t)/l that is

2 - responsible for the quality and field values is about
3. The two pair of cells were joined together over
the coupling cell and formed a segment of a structure

02 ,shown in Fig. 1. The unloaded Q-value became 5800 and
t 58

Fig. 2 Shunt Impedance versus Particle Velocity the field parameter - about 1158 kV/ill" /m.

At very low values close toin 3  as consid- The frequency field distribution along the
ered in this case the k - cell structure impedance is central axis obtained by perturbation technique is
close to that of the DLWG with the same iris thickness presented in Fig. 4. Particle dynamics modelling
and is even smaller than shown in Fig. 2. The zero using this field distribution indicated that with 40
shunt impedance is referred to the case when the kW dissipated in this resonator, the fields accelerate
length between neighbor irises becomes zero because of about 56% of the injected particles to the energy 150
the iris thickness t so that D t. - 180 keY without any external focusing field.
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C..36 H Initial energy .................25 key

Final loaded energy ...........................0.7 NoV

2 -- Pulse current .................................30 mA

Accelerated beam spot diameter ................- 1 mm

IV. CONCLUSIONS

This structure was useful for field modelling
and gentle beau forming at the bunching stage. It was

M0 .90 43v SO s- , 'rum, recommended f or use in the Portable linac project (8].

Fig. 4 Experimental Frequency Deviation Distribution V. ACKNOWLEDGEMENT S
Along the Axis Obtained by Perturbation Technique

This work has been carried out in the Small
The pair of cells N01 was used as the first Accelerator Laboratory of MEPhI. I appreciate all

cell of the experimental X-band structure shown in help and support of the laboratory staff members.
Fig. 5. The total length, of the structure is 11.6 cm
and the loaded quality factor is 2000. The accelera- VI. REFERENCES
tor in shown in Fig. 6 under high power test. The
structure used no external focusing coils. [I] I.S. Shchedrin, "X-Band Linear Accelerators,"

Proceedings of All-Union Charged Particle~i Linacs
Seminar, in Kcharkov, 1985. (in Russian).

(21 Russell 0. Schonberg, "Field Uses of a Portable
4/6 MeY Electron Linear Accelerator," Nucl. Instr. and
Methods in Phisic Research. 824/25. p. 797-800. 1987.

Fig. 5 X-&wan Standing Wave Biperiodic Structure
with Bunching Cell. [31 A.V. Misbin. E.A. Ermiloy, V.P. Komarov, A.P.

Shaltirev. "Portable X-Band Linac Project for Indus-
trial Applications," Abstracts of XIII Linear Acceler-
ator Conference, in Dubna. 1992. (in Russian).

(4] Fukumoto S., Kizumachi T'.. "An X-Dand Electron
Linear Accelerator", Oyobutury, V.36, N~1, p. 19-30,
(1967).

[5] A.V. Mishin. V.P. Komarov, Charged Particle
Accelerator Structure, invention, a.s.N'1577678

08.03.90.) [61 A.V. Mishin. "Portable X-Band Linear Accelerator,"
// Ph.D. thesis, Moscow, MZPhI. 1992. (in Russian).

(~73 B .V. Bebtev, "Portable Broad Energy-Tuning Linac
Design and Experimental Study," Ph.D. thesis, Moscow.

Fig. 6 Experimental Accelerator Device ME~hI, 1977, (in Rusfnan).
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(8] E.A. Ermilov, V.P. Komarov,. A.V. Mishin. A.P.
Shaltirev. "Portable X-Band Linac for industrial and
Medical Applications," Abstracts for XI I international

The linac parameters are as follows: Conference on the Application, Research & Industry.
University of North Texas. 2-5 November. 1992.

Microwave pulse power ......................... 500 kW
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Higher Order Mode Dampers for the KAON Booster Cavity

Amiya Kumar Mitra
TRIUMF

4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3.

Abstract symmetrically around the perimeter. As long as the damper
cavity provides a high shunt impedance for the higher order

A prototype higher order mode (HOM) damper cavity has modes, the damping is in effect since most of the currents
been designed and tested on a ferrite tuned booster cavity produced by the HOMs will flow through the gap capacitance
proposed for the KAON factory at TRIUMF. The damper to the terminating resistors. The damper becomes ineffective
cavity has been designed to keep the overall length minimum at tte frequency for which it produes a voltage null at the
and has been optimized by using SUPERFISH code. Low terminating resistor. This frequency is the series resonant
level signal measurements of unloaded and loaded Q of the frequency, most commonly known as V/2 mode and should be
booster cavity without and with the damper cavity as high as possible. The dimensions of the damper cavity
respectively have been reported and it has been demonstrated were optimized by using SUPERFISH. The V/4 resonant
that nearly all modes up to 1 Gllz which couple to the frequency mode (high shunt impedance of the reentrant
accelerating gap are damped by the mode damper. In order to cavity) was chosen to be 185 MHz and the series resonant
reduce the coupling at the booster fundamental frequencies by frequency to be 1570 MHz. This leads to a broad bandwidth
this type of damper, a new concept of damping higher order of the damper cavity. Decreasing the V/4 frequency below 185
modes in the KAON booster cavity by employing a high-pass MHz would increase damping of the first HOM of the booster
filter is presented. Conceptual design, prototype realization of fundamental frequencies but would couple more power at the
such a filter in coaxial form and measurements of damping fundamental frequencies.
are outlined. Preliminary measurements show that the higher
order modes up to 900 MHz are damped significantly with
very little power absorption at the fundamental frequencies. T

I. INTRODUCTION

The ferrite tuned booster cavity for the proposed KAON
project at TRIUMF operates from 46 MHz to 61 MHz [1]. ,3.0 MM
Higher order modes (H10M) are inherently present in these
structures and if not suppressed adequately can cause beam
instabilities. The cavity HIOMs must be damped substantially -

to reduce their shunt impedances to acceptably low values.
Since the cavity operates over a broad range of frequencies,
externally applied tuned dampers may be difficult to

install the dampers inside the cavity. A reentrant cavity
damper [21 .[3] and (41 and a coaxial high-pass filter as a 18.0,,M

damper [5] are discussed in this paper. Figure 1. Reentrant damper cavity.

11. DESIGN OF HOM DAMPERS When the damper cavity was connected to the booster, the

coupling of the two cavities lowered the ý/4 frequency to
The design goal of IIOM dampers is to attenuate all thc 161 97 Mllz compared to the computed value of 169.726
higher order modes up to I GlIz without affecting the shunt Mllz.
impedance of the cavity at the operating frequency.

B. 11igh pass filter Damper
A. Reentrant Cavity I)amplr

A new concept of IlOM damper in the form of a coaxial high
A reentrant V4 cavity with heavily loaded tip capacitance, as pass filter is connected at the gap of the cavity. If the cut-off
shown in figure 1. is appended at the gap of the booster frequency of the filter is chosen to provide no attenuation into
cavity. Four 50 ohms terminating resistors are connected to the terminating load for the currents produced by the lIOMs
the annular ring of the damper cavity and are placed and provide adequate attenuation for the currents at the

0-7803-1203-1/93$03.00 0 1993 IEEE
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fundamental frequencies, then such a filter would be ideally
appropriate as a HOM damper.

A five element 0.1 dB ripple Chebyshev high-pass filter
would provide more than 40 dB attenuation at the highest
fundamental booster frequency of 61 MHz if the high-pass
cutoff frequency of the filter is chosen to be 150 Mtlz. Since
the design aim is to damp all the HIOMs up to I Gllz, the
passband must be at least I Gttz. This leads to the following
filter specifications.

High-pass cutoff frequency 150 MHzz.
Maximum passband frequency I GHz.
Minimum attenuation at 61 MHz 40 dB.
Maximum passband ripple 1 dl3.
Source impedance less than I ohm.
Load impedance 50 ohms.

The high-pass Chebyshev filter which satisfies the above
requirements is shown in figure 2 with the corresponding Figure 3. Isometric view of the ring type filter.
element values.

C1 C3 C5

14pF 12pF 33pF

L2 1-4 RI

29nH 37nt1 50e

0-

Figure 2. Schematic of the high-pass filter.

The challenge here is to realize these values in a coaxial Figure 4. Isometric view of the disc type filter.
structure rather than lumped elements .The capacitance's Fe3
and C5 can be formed out of coaxial rings or discs and the
inductors L2 and L4 are providcd by hollow rods connected on the booster cavity whcreas the high-pass filter damper was
from the short-circuit plate to the respective capacitors. Four tested on a 6 inch quartcr wave transmission line cavity. The
terminating resistors are connected to C5 via low inductive 50 02 resistors are connected or disconnected for loaded and
connections. The capacitance Cl of 14 pF is the capacitance unloaded Q measurements.
of the open end of the cavity to the first ring or the disc of the
filter. Figure 3 and figure 4 show conceptual model of the A. Reentrant Cavity
ring and disc type coaxial high pasq filters. Although
prototype of both the filter structures have been made, the Different combinations of termination are tried and Qs are
disc type is found to be more suitable for the particular measured for all the resonances in the 10 to 1000 MHz
applicat ion and fabrication tolerances can be relaxed, spectrum with a dc bias current of 964 Amps on the ferrite of

the booster cavity. Measured unloaded and loaded Q for some
III. MEASUREMENTS OF THE DAMPERS of the frequencies are listed in Table 1. It should be noted that

with four 50 Q resistors most of the HOMs are absorbed

All the measurements are done with a Network Analyser at a adequately however the Q at the fundamental frequency is
signal level of 20 dBm with two loosely coupled capacitor lowered by 22 %. Loss of Q is more pronounced at higher
probes in the cavity.The reentrant damper cavity was tested booster frequency (40 % at 57.33 MHz).
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Table 1 CHM IE Ig A 10 x• REF -70 d9

Unloaded and Loaded 0 Measurements
R M

Frequency Designation Unloaded One Four - - -Ag 9. i ý',. A
Load Loads ,. - '

f/MHz Q Q1 Q1,
52.075 Fundamental 2782 2680 2173
148.097 3 rd harm. 1720 w35 a 10
157.715 Damper X/4 1000 0 10 m 10 CHZ Sp, Io0 MnAG 10 d./ REF -70 dB

229.279 5 th harm. 2170 332 100
268.519 500 500 100
304.103 TEO0 300 300 -20

dam per _________ _______ __"____

346.103 7 th harm. 1200 1100 208
502.391 118 100 w50
765.772 272 260 w 50 START L. U22 200 MFIo STOP 1 000 909 096 MHz

fo=50.95 MHz QIQo=099
867.255 500 480 - 50 Figure 5. Undamped and damped response of the high-

pass filter damper and the cavity.
Bi. High pass filter damnper

The characteristic of the high-pass filter was measured before
it was mounted to the 6 inch caivity. With four 50 9 resistors,
the cut-off frequency was measured to be 150 MHz with a
passband ripple of -t 1.5 dlI and an attenuation of 50 dB at 50 V. ACKNOWLEDGMENTS
MHz. A peak was observed at 187.9 Mtz which was 3 dB
above the passband ripple. This is due to the fact the element The author wishes to thank Roger Poirier for many
values of the constructed filter was different from the values stimulating discussions on the dampers and Peter Harmer for
of Figure 3. Figure 5 shows 'he undamped and damped fabrication of the damper cavities.
response of the cavity and the filter from I to lO1X) Mllz.
Quality factor for all the IIOMs up to 500 MHz was reduced VI. REFERENCES
by a factor of 100 or more and for the llOMs lying between
500 Mllz and I G(Iz, Q was reduced by at least a factor of [II R. L. Poirier, T. A. Enegren and I. Enchevich, "AC bias
10. The shunt impedance for all the IOMs was below I k operation of the perpendicular biased ferrite tuned cavity for
ohms.. Only 1 % of Q at the fundamental frequency is lost the TRIUMF KAON factory booster synchrotron,"
due to the filter . The filter has also been tested for broad Conference Record of the 1991 IEEE Particle Accelerator
band operation by varying the cavity frequency without Conference, Vol. 5, pp. 2943-2945.
altering any filter parameters .The results show desired broad [21 W. R. Smythe, T. A. Enegren and R. L. Poirier, "A
band characteristic of the filter. versatile rf cavity mode damper," Proceedings of the 2nd

European Particle Accelerator Confcrence,Vol. 1, pp. 976-
IV. CONCLUSIONS 978(1990).

131 W. R. Smythe. C. Fredrichs and L. S. Walling, "Proton
The rcentrant cavity damps all the iiOMs effectively however synchrotron rf cavity mode damper tests," Conference Record
the power loss ( loss of Q) at the fundamental frequency is of the 1991 IEEE Particle Accelerator Conference, Vol. 1, pp.
very high . On the other hand ti,, liigh-pass filter damper 643-645.
may lower the Q at the highest booster operating frequency to [41 A. K. Mitra, "A prototype IIOM damper cavity for KAON
a maximum value of.)%. This new type of higher order mode booster," TRIUMF KAON factory project definition study
damper employing a high pass filter in a coaxial structure is Design Note TRI-1)N-92-K219.
un;que and couples very little power at the operating [5] A. K. Mitra, "Realizing a new concept of |IOM damper
frequency. The final version of the filter is now being using a high-pass filter," TRIUMF KAON factory project
fabricated to operate at a gap voltage of 60 kV for the ferrite definition study, Design Note TRI-DN-92-K218.
fuiid booxster cavity. '[his filter can also be used for a cavity
oper:Aing at a single frequency. The practical limit of such a
ci.0xial filter is about I Gliiz.
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Design and Fabrication of a Ferrite-lined HOM Load for CESR-B*

D. Moffat, P. Barnes, J. Kirchgessner, H. Padamsee, J. Sears, M. Tigner,
A. Tribendist , V. Veshcherevicht

Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853-5001

Abstract

The beam tubes on the CESR-B cavity have been designed 2830593-007
so that all of the higher order modes (HOM's) will propagate Water flow
out of the cavity. To damp these modes to Q values of -100,
we have proposed the use of HOM loads that are an integral
part of the beam tube, though located outside the cryostat.
The absorbing medium is ferrite tiles which are bonded to the
inside of a 304 series stainless steel water-cooled jacket.1 The
bonding agent is an alloy which melts at -220 0C. This alloy
provides good thermal, as well as electrical, conductivity. 0 Ferrite tiles
Calculations indicate that these loads will provide the
necessary damping and measurements using full-size models
have verified this. It is anticipated that each HOM load for
CESR-B will have to absorb 10-20 kW of beam induced
power. High power tests of a scale model of the CESR-B load
have been performed. The full-size load awaits final
construction to be followed by testing.

I. INTRODUCTION Knife edge 0 Water jacket

CESR-B is the culmination of a proposed series of Figure 1. End view of the HOM load. The tiles are radiused
upgrades to the Cornell Electron Storage Ring. Each cavity in on the outside surface only.
this asymmetric collider will have an HOM load located just required because the loads are on the beamline. We have
outside the cryostat on either end of the cavity. The large identified three potential materials, described in Table I.
beam tubes of the cavity function as the HOM couplers (for
more on the cavity design see [1]). In the low energy ring of Table I
CESR-B each load must absorb 14-24 kW (13-23 W/cm 2) of Potential RF Absorbing Ferrites for Use in CESR-B
HOM power. The Q's of the HOM's with high R/Q's must be
less than -100. J DC Resistivity Tensile Strength

Each HOM load is a composite structure consisting of RF Ferrite (0-cm) (ksi)
absorbing tiles bonded to a water cooled 304 SS shell. The -
end view of a load is shown in Figure 1. The back surface of Ferrite-502  10-100 - 4.3t
the tiles is ground to a radius 0.005" (0.13 ram) smaller than TT2.111R2 14 - 100,000 1 59 ± 5the inner radius of the shell; the inside surface of the tiles is 2 1 1 000 - 100,00

planar. The tiles are 0.125" thick at the thickest point, CMD-103  1000 13 + 4
-0.063" (1.6 mm) at the thinnest. A helical winding forces t The presence of microcracks throughout sintered Ferrite-50
the cooling water to flow around the jacket. pieces makes this number very unreliable.

A lossy ferrite will be used as the RF absorbing material.
The chosen ferrite must: 1) suitably damp the HOM's; 2) be II. HOM DAMPING CAPABILITY
amenable to bonding ý, a metallic substrate; 3) not break
during fabrication or under RF load; 4) be UHV compatible; The effectiveness of HOM damping by the loads may be
5) be dust free; 6) have some DC conductivity to prevent the either measured or calculated. Because the properties of the
buildup of charge due to stray particles. Items 4, 5 and 6 are ferrites are frequency dependent, damping measurements must

be made on full-scale models in order to be relevant. The
* Work supported by the NSF and the US-Japan collaboration damped Q's of the monopole modes may be calculated using
SVisiting scientist from the Institute of Nuclear Physics, SEAFISH [2]. Lossy materials are accomodated in SEAFISH

Lavrentev Avenue 11, Novosibirsk, Russia 630090
This process was developed by Reasearch & PVD Materials Inc., 2 Product of Trans-Tech Inc., Adamstown. MD 301-695-9400
Ridgefield, NJ 201-943-1650 3 Product of Ceramic Magnetics Inc., Fairfield, NJ 201-227-4222
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2830593-008

J 300.62 MHz Q z 42001 R/Q = N8. i2 f 500.59 MH, Q =42001

101S.81 MH. Q 0 57573 WQ = 1.54 1 17.37 MHz Q 32

5690 R(Q 3.4 U 07 2H 1) 15

f 1175.04 MHz Q 58234 R!Q 2.38 il I'= 11,12.1-1 MHz Q 57

" ....12419 MIH, Q =59%94 R Q 2 guk lI2159 U fýllO IH Q 1.

aq p 4

Figure 2. Calculated field patterns of the undamped and damped monopole HOM's. These modes have the highest R/Q's.
The RF absorbing material was TM2-11 IR. The undamped modes were calculated using SUPERFISH, the damped
modes using SEAFISH.

through the use of a complex c and g.. It is, therefore,
necessary to know E and gt as a function of frequency for each III. BONDING
ferrite. These parameters have been measured for several
ferrites and are reported in another work [3]. Examples of the Copper-silver based brazing alloys have limited usefulness
field patterns of undamped and damped modes are shown in for this application. The vacuum brazing ensures that the
Figure 2. ferrite will be well-outgassed, but it may cause severe oxygen

A comparison of measurements using a full-scale copper loss in the ferrite [5]. A through-transmission ultrasonic
cavity and SEAFISH calculations is given in Figure 3. image of a piece of TT2-1I1R brazed to 410 SS is shown in
TT2- 1 IIR was the RF absorber in both cases. The measured Figure 4. Any break in the ultrasound path appears as a dark
Q's for the undamped higher order modes are lower than the region in the image. A subsequent SEM examination of this
calculated values because of joint losses. The agreement for sample in cross-section showed that some regions of the ferrite
the damped Q's is quite good. The results of damping on the were not wet by the braze alloy. In other regions the wetting
dipole and quadrupole modes is given in another work [4]. was good, but the ferrite cracked a grain away from the joinL

It is presumed that this cracking was caused by the stresses
4 2830593-009 produced when the composite was cooled to room temperature

1. . . . .. . . . . . . after brazing.

103 •Dampe~d

Q A 0 A Undamped
0 Damped

102 ..

"%00

700 800 900 1000 1100 1200 1300 1400
Frequency (MHz)

Figure 4. Through transmission ultrasonic image of TT2-
Figure 3. A comparison of measured (open symbols) and 11 IR brazed to 410 SS. The bright areas indicate a

calculated (filled symbols) Q's for the monopole good bond. The sample dimensions are
HOM's. The RF absorber was TMT2-111R. -0.5" x 1.0" (-13 x 25 mm).
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Tiles of Ferrite-50, TT2-1 I IR and MN67 (another ferrite conditions, the ferrite temperature is expected to rise to -80 0 C
from Ceramic Magnetics) have been succesfully bonded to 304 when the absorbed HOM power is -20 kW.
SS using a low temperature soldering process.I An ultrasonic
image of TT2-11 1R soldered to 304 SS is shown in Figure 5. V. UHV COMPATIBILITY
In this process, the ferrite is metallized and then "tinned" with
the solder without the use of flux. The stainless steel We have opted to pre-bake the tiles at a high temperature
substrate is plated with -0.0005" (-13 gm) of electroless before bonding them to the load shell in order to drive off the
nickel. To prevent oxidation problems and to further avoid the major vacuum contaminants. This is done after all of the
use of flux, tin is plated to a thickness of -0.0001" (-2.5 pm) grinding and cleaning operations. The bake cycle that has
on top of the nickel. The pieces are then clamped together and been recommended [6] for TT2-11 IR is as follows: ramp at
heated to -250'C. The low temperature required by this 1000 C/hr to 900*C; hold for two hours; ramp to room
process has an advantage in that it does not affect the temperature at 100*C/hr. The firing must be done in air in
electromagnetic properties of the ferrite. It also makes the order to prevent dissociation of the ferrite. We have followed
fixturing required for fabrication relatively simple. The this procedure and have found no significant change in the F
disadvantage is that it limits the temperature one may use for and g of a sample. Following this firing, the tiles will be
vacuum outgassing. handled in a clean, dry manner wen soldered to the load shell.

The fully assembled load will receive a low temperature
vacuum bake if necessary.

, , It should be noted that the TT2-111R ferrite has been used
in the ACOL Ring at CERN with good results [7]. Several
square meters have been operating in a vacuum of 10-11 torr.
The tiles were baked at 250*C.

VI. SUMMARY

This approach to HOM damping appears to supply the
damping required for stable operation of superconducting
cavities in CESR-B. We have identified at least one complete
fabrication path. Crucial to the success of load fabrication was

-, the development of the low temperature soldering process. RF
testing has been successfully completed up to a power density

A ,of -10 W/cm 2 , approximately half that expected in CESR-B.
A full scale load is being completed and will be tested this
summer.

Figure 5. Through-transmission ultrasonic image of TT2- V. REFERENCES
11 IR soldered to 304 SS. The contrast was
increased in this image to vizualize the mottled [1] H. Padamsee, et al., "Accelerating Cavity Development for
intensity caused by thickness variations in the the Cornell B-Factory, CESR-B", Conference Record of the
solder joint. The sample dimensions are -I" x 1" 1991 Particle Accelerator Conference, Vol. 2, pp. 786-788,
(-25 x 25 mm). San Francisco, CA, May 1991

[2] SEAFISH is a complex version of SUPERFISH. SEAFISH was
IV. POWER HANDLING CAPABILITY written by Mark de Jong, AECL Research. Chalk River

Laboratories, Chalk River, Ontario, Canada KOJ 1J0.
A scale model of the load was tested under high RF power. SUPERFISH was written by R.F. Holsinger and is maintained

by AT-6 Division, M.S. H829, Los Alamos NationalThe load consisted of eight 0.6" x 2.0" (-15 x 51 mm) tiles of Laboratory. Los Alamos, NM 87545.
TT2-1 IIR ferrite soldered to a water cooled 304 SS jacket. [3] W. Hartung, D. Moffat, T. Hays, Measurements of the
This load was used as the outer conductor of a 1.625" rigid Electromagnetic Properties of Some Microwave-Absorbing
coaxial line. RF power up to 800 watts was supplied by a Materials, Internal Report SRF-930113/01, Laboratory of
2450 M}Iz magnetron. Nuclear Studies, Cornell University.

[4] V. Veshcherevich, et al., Iligher Order Modes Damping in
With this apparatus a power density of -10 W/cm2 on the CESR-B Cavity, Internal Report SRF-920701-04, Laboratory

ferrite surface could be achieved. The ferrite tiles suffered no of Nuclear Studies, Cornell University.
ill effects, i.e. they did not crack or fall off. The power [51 Mark deJong, AECL Research, Chalk River. private
absorption was roughly linear, implying that E and pi are not communication.
field dependent, at least up to these fields. [6] Lou Domingues, Trans-Tech, private communication.

Cooling water at an input temperature of 30 0C will flow [7] Fritz Caspers, CERN, private communication.

through the full-size load at a rate of -10 gpm. Under these
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HIGH-DETA LINAC A(CERATING SIIU JRE

V.G.Andreav. G.I.Batskikh. B.I.Bondarev.
B.P.Murin

Moscow Radiotechnical Institute of Russian Academy of Sciences
Russia. 113519. Moscow. Varshavskoe shosse. 132

Introduction

At the present time the two sets of thetvpical parameters
of the proton high-current high-energy linac are considered. The
first one with the beam energy of 1.5 GeV and average current of
0.3 A serves for the transmutation of long-living radioactive
wastes of atomic power engineering (ATV Program). The second one
with the energy of 800 MeV and average current of 10 mA belongs
to the conversion program ABC of war plutonium utilization.
There are sets of parameters (for example one of Los-Alamos P.,
projects: 800 MeV. 140 mA). which occupy intermediate position
within the aforementioned limits.

The basic problem for all parameter tonfigurations is the
selection of accelerating structure for high-energy linac part
because this choice influence on linac manufacture. exploitation
and reliability.

The D&W accelerating structure invented in 1MRTI was used in
100-600 Mev energy range for Moscow Meson Facility NMUF). This 2

structure is also preferable for the above designs.

I. Comparison Between
High-Beta Accelerating Structure

20
"The main part of the burner-reactor linac used in the USA.

Russia and Japan projects is based on resonators divided into
sections with magnetic quadruple lenses (doublets or single) P
between them. Each resonator is fed from a separate generators. ' ...

Fiz.2
Shunt impedance of Alvarez (1) and DOW (2) structures

as a function of beta

The coupling coefficient between the neighboring rells is
an important characteristic of the accelerating structure. As it
increases. sensitivity of the resonators accelerating field
distribution to various perturbations (geometrical errors
included) decreases. The combination of the two characteristics
(shunt impedance and coupling coefficient) shows that the disk
and washer structure is the most suitable for the main linac
part. As it is clear from the Table I, it has a number of
advantages over other structures belonging to the same energy"
range fl,21.

The design of D&WS resonator is shown at Fix 3.

C)

Fig, l
a) SCS bi RCS c) D1kWS

In Fig.l the three tvpes of accelerating structures are
shown: with side-coupling cells (SCSI. with rng coupling cells
IRCS). disk and washer structure (DOWS) All the structures
operate at a W/2 wave. so that in neighboring arceleratirun cells
RF fields have opposite signs.

These three structures have approximatelv the same value of
"shunt impedance. The disk and washer structure's effective shunt
impedance as a function of beta is shown in Fig 2.

Fig.3
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Table I

Comparable Performances

Side Coupled Structure D&W Structure

l.Coupjig Coefficient

K S5% K = 30-50%

I. Highly sensitive to errors The seme sensitivity is less
caused by manufacturing and by 40-D00 times.
inaccurate tuning.

2. Individual tuning of each The cavity may be tuned as
cell 1Af =30 lkHz) a whole unit without tuning

of separate cells.
fAf = ±800 kHz)

I1. Efficiency of RF Power Use

for Providirn a given rate of acceleration

Approximately equivalent

Ill. Proximity of Parasitic modes

Parasitic modes in structure Parasitic modes of the Moscow
band are not available Meson Factory are spaced by

±*15-20) MHz out of operation
frequencv

IV. Bridg;i Devices

Mechanical rigid coupling with Mechanical uncoupled with

acceleration section: accuracy acceleration sections: accuracy
of manufacturing is about of manufacturing is 2-3 ramm Fig.4

0.01 m. Excitation of combined slit electromagnetic oscillations

with the help of
V. Vacuum conductance operation wave (top) and parasitic wave (bottom)

Insufficient: High:

Vacuum collector is required. Vacuum collector isn't necessary

VI. Desigm and technoloA of manufacturing

It is complicated with regard Design and technology are

to design and technology simple.

ape st- nal 'ode - 0 - mod

RCS has the same features 5.-mode

Besides many advantages. DeW structures in its initial //

variant had a defect which first seemed to be substantial and 1 |

,revented its propagation. The fact is that the operational

,scillations mode was surrounded with a number of parasitic
fodes having the azimuthal field variation. The frequency of

which with the growth of b shifted finding itself in close -

,eighborhood or even coinciding with the operational frequency.

;uch neighborhood is extremely undesirable. In this case the
,perational mode frequenc- depends on the coupling with

Snoperational modes, the RF power los.es in the ;tructm.re grow.

the operation of various autom atic control vystems is impedd. P
he beam stability is endangered and so on. lon

Shifting of inoperational oscillations frequency from the

operational one was affected in a way. which did not cause field

(frequency) perturbation of the operational mode. using ccmbined
slits (Fig.41. cut in washers 131.

Frequency spectra around the operational mode without slits

ia) and with them (b) are shown in Fig-5.

Disk and washer resonators. consisting of four sections
:oupled with bridges, are used in the Moscow Meson Facility Fig 5

IMW) linac. They ensure stable acceleration of the beam. Resonator electromaietic oscillation spectrtm of DOUS

The resonators in the -&in part of the burner-reactor linac before mnd after application combined slits into disk

will consist of large number of sections coupled with bridges.

-'or example in 14lTI project the resonator consists of eight The dispersion characteristic of a resonator (Fig 6).

,actions. Bridges are manufactured of pieces of standard consisting of eight accelerating sections and seven bridges has

inveguide with the rectangular cross-section (220i104 imi fifteen oscillation modes, of which the two nearest to the
operational one are spaced at I MHz from it. at a distance h
times as large as the pessbend of a resonator with the lowest
quality factor It is quite enough to ensure the stable linac
operation
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aperture ensures 1 1. The increase of v by factor of 1.7

at the fixed beam emittance results in the reduction of its
radius by 30%. The possibility of such a considwrable decrease
of the aperture radius allows either to improve radiation

pureness of the main linac part or to decrease by 20% the RF
power losses. With the focusing period length of 200 cm at the

energy of 100 MeV and 350 cm at the energy above 600 MeV the
magnetic field intensity will amount to 4-6 T. Solenoids
Producing such fields amy be constructed only with the use of
superconductivity

/000 7.' Y -j - The beam of particles in a channel with solenoids is less
susceptible to random errors influence 151. There are two

variants of positioning superconducting solenoids:
9- s -- -l. Solenoids are placed between accelerating sections in

the place of quadrupole doublets. The aperture of a "warm"
solenoid is small and its construction is relatively simple.

YX 79 '- 2. Solenoids are ring-shaped with big "warm" aperture
inside which is placed the accelerating structure. Though such a
structure is unwieldy, this variant is attractive, since the

9,8. r .. accelerating focusing channel acquires a number of useful

',,qualities;
I i a) Absence of coupling bridges between accelerating

,79. S:I -V- .. sections increases the coupling coefficient for laW structure up
to 50%. The nearest to the operational mode couple of side modes

SI is shifted away from it by about ± 2 MHz (instead of I MHz in an
, r, ~r4r..,... ... .... 8-sectioned resonator).

0 ,b) Overal reduction of RF power losses in the accelerating
structure amounts to 10% as compared with an 8-sectioned
resonator having the same aperture radius.

c) Owing to the absence of spaces between accelerating
sections. the main linac per, length gets shorter by about 25%.

d) The focusing periods length may be chosen irrespective
Fix.6 of the length of acceleratin. ;ections. which allows to prevent

Dispersion characteristic of resonator the beam radius growth cau- d by abrupt changes of focusing

period length in those pla. -s where the accelerating field
The overall number of accelerating sections in the linac frequency or focusing channel structure are changed.

with the output energy of 1.5 GeV and acceleration rate I MeV/m
is equal to 610. the number of resonators - 77. bridges - 540.
The R) power of about 490-500 MW must be fed into resonators. of References
which 40-50 MW will be lost in resonators walls and 450 MW will
be transferred to the beam. 1. Accelerating Complex for Mean Energy Physics (Meson

For focusing in the main linac pert are used 612 quadruple Facility). Proc. of Radioteclnical Institute. No.16. Moscow.
lenses of permanent magnets placed between resonators and their 1974.
accelerating sections. Side by side with the FODO focusing 2. V.G.Andreev. G.I.Batskikh B.I.Bondarev. A.P.Fedotov.
qtructure which is taken as basis. FIX) structure is considered B.P.Murin. A.A.Vasiliev. High-, Linac Design.
too. Choice of the optimum structure will be made later. 3. B.P.Murin. The Prospect for High-Power Ion Linear Accelerator

Each resonator of the main linac part is fed from one Construction for Energy Function. Moscow Radiotechnical
regotron having seven energy outputs with the overall output Institute. Preprint No.9210. 1)92.
power of 5 MW (3.51. The typical linac module is shown in Fig.3 4. V.G.Andreev. V.M.Belugin et al. Parasitic Modes Removal out
i2.3). The module is designed to operate with energy gain of of Operating Mode Neighborhood in the DeW Accelerating Structure
15 MeV and cw current of 300 mA. - IEEE Trans. on Nucl Sci.. v NS-30. No.4. 1983. p.3575-357.

7
.

5. A.P.Durkin. B.P.Morin. 0 Yu.Shlvgin. I .V.Shumakov.
Super-Power RF Regotron-Type Generator for Linear Accelerators

2. The Outlook for the Modification with High Mean Current. - Pro-. of the 1990 Linear Accelerator
of the Main ATW Linac Part Conf.. Albuquerque. New Mexico. 1990. p 584-586.

6. B.P.Morin. B.l.Bondarev et al. Random Perturbations of Proton
Further modification of the main linac pert (the increase Transverse Motion in Linac with Superconducting Solenoid

,f the focusing channel acceptance, facilitation of radiation Focusing. - Proc. of Radiote, hnical Institute USSR AS. 1974.
*jreness problem) may be ensured with the aid of superconducting No.16. p.336-341.
olenoids and resonators not divided into sections

The latest MRTI design is based on the proposals of 1972
.974 years. presented in 16.71. which show that focusing by a

trona longitudinal magnetic field allows to increase the
icceptence of the focusing channel with the sam. aperture and to
--ejdce its sensitivity to random errors

The channel acceptance V is.

Lf

where R is the channel aperture radius. I' minimum withtn

the limits of a focusing period unitleqs; transier'-.
iscillations frequency. Lr focusing period length.

relative particles velocity. I - relativistic factor
With the strong longitudinal field fousing n is equal to

1 0-1 4. while with the quadrupole focusing this value does not
exceed 0.6. Therefore the acceptance with the longitudinal
magnetic field focusing is I.5-2 times as large as that with the
quadrupole focusing at the same chhnel aperture

In the main part of the burner reactor linac with
.. jedrupole lenses focusing the average i' is equal to 0 6 The

transverse magnetic field focusing with the same channel
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Design of a 900 Overmoded Waveguide Bend*
C. Nantista*, N.M. Kroll$ and E. M. Nelson

Stanford Linear Accelerator Center
Stanford University, Stanford, CA 94309 USA

Abstract
A design for a 900 bend for the TE0 1 mode in over-

moded circular waveguide is presented. A pair of septa, "
symmetrically placed perpendicular to the plane of the P p
bend, are adiabatically introduced into the waveguide be-
fore the bend and removed after it. Introduction of the
curvature excites five propagating modes in the curved sec- p
tion. The finite element field solver YAP is used to calcu- r L
late the propagation constants of these modes in the bend, (a) (b)
and the guide diameter, septum depth, septum thickness, Figure 1. Outer geometry (a) and cross-secti-. (b) of the
and bend radius are set so that the phase advances of all bend. The cross-section's dashed line is a symmetry plane.
five modes through the bend are equal modulo 27r. To a
good approximation these modes are expected to recom-
bine to form a pure mode at the end of the bend. where C.. = 6,, are the propagation constants and the

I. INTRODUCTION other Cm,, involve inner products of the transverse fields.
Some designs for the Next Linear Collider[i] (NLC) The power transfer between two modes in a curved

transmit power from the source (a klystron or the output section is limited by the difference in their propagation
of a pulse compressor) to the accelerator str" ,zre in the constants. The TE0 1-TM1 1 degeneracy presents a prob-
TE01 mode of overmoded circular waveguide in order to lem, so the degeneracy is split by introducing partial septa
have small transmission loss. The waveguide run from the perpendicular to the bend plane as shown in Figure lb.
source to the accelerator includes some 900 bends. Ideally The modes can no longer be found analytically, but the /i
these bends would be loss-less, can be computed using SUPERFISH[4].

Two algorithms and some results are presented for If p, > d/2 then the coupling is weak and the TEO,-
the design of one type of overmoded waveguide bend. A like mode amplitude varies little along the bend. A small
curved section of waveguide connects two straight sections amount of power will beat in and out of the nth coupled
as shown in Figure la. The curvature in the bend is con- mode in an arc length lb - -2oI, where o indicates
stant so the waveguide follows a 900 arc with radius of the TEO1-1ike mode. The interaction with each mode can-
curvature Pc between the two straight sections. The cross- cels when the relative phase advance is a multiple of 27r.
section of the waveguide is uniform throughout the curved By adjusting the cross-section and Pc, the f's are manipu-
section, but the cross-section is not simply a circle. The lated so that the three propagating modes coupled to first
cross-section and radius of curvature p, will be chosen so order all beat out at the end of the 900 bend.
that the incoming wave propagates through the curved sec- This is the approach first taken. However, a compact
tion with negligible mode conversion. This is the principal bend which cannot rely on the above assumption is de-
form of loss considered here. Reflection and wall losses sired. A.- the coupling coefficients become comparable to
are only considered heuristically. The straight sections are the mode spacings, the beat lengths are altered, and modes
adiabatic tapers from and to circular waveguide. coupled to second order may be important. The coupling

II. TELEGRAPHIST'S EQUATION coefficients Cm,,n are required to verify parasitic mode sup-
Curvature in overmoded waveguide causes coupling pression at the end of the bend. Since the C,,,, are notbetween the straight guide modes. Such coupling is af- easily obtained from the field solver, a different approach

forded by the generalized telegraphist's equations[2], which was taken.

have been applied to curved circular guide[3]. In terms of III. MODES IN CURVED GUIDE
the forward and backward wave amplitudes, a,, these are A curved guide can be treated as a portion of a cylin-

daM . drically symmetric structure. For the 900 bend the struc-
dz -:Fi (C a+ + C*a , (1) ture starts at 0 = 0 and ends at 0 = 7r/2. The fields

n in the waveguide can be decomposed into modes with az-
* Work supported by U.S. Department of Energy imuthal dependence esm. In the axisymmetric waveg-

contract DE-AC03-76SF00515 and grants uide paradigm the waves propagate along 0 with propa-
DE-FG03-92ER40759 and DE-FG03-92ER40695. u a digm the wv popage alns with p ropa-

0Visitor from Department of Physics, UCLA, Los Angeles, CA gation constant m. Compare this with the phase e for
90024. waves propagating along z with propagation constant 0 in

t Also from Department of Physics, UCSD, La Jolla, CA 92093. straight waveguides. The curved guide does not close on

0-7803-1203-1/93$03.00 0 1993 IEEE
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itself so there is no requirement that m be an integer, and k = wic is the drive frequency. Note that m is real for
The finite element field solver YAP[5] is capable of propagating modes and imaginary for evanescent modes.

computing the frequencies of the modes of axisymmetric The boundary conditions E, = 0 at p = Pc ± w/2
structures for any real m. Non-integral m is allowed. YAP yield a characteristic equation for the propagation con-
was used to compute dispersion diagrams for curved guide stants m. Solutions were obtained by numerically inte-
with various cross-sections. One such dispersion diagram is grating Bessel's equations and using a shooting method to
shown in Figure 2. A dispersion diagram for curved guide match the boundary conditions. This yielded numerical
looks similar to dispersion diagrams for straight guide. values for m 2 for both propagating (M 2 > 0) and evanes-
However, the simple dispersion formula w 2 /c 2 = k2+,32 for cent (M

2 < 0) modes. The field E. for each mode was
a straight waveguide containing no media does not apply obtained similarly.
to curved guide. This can be seen best in figure 2, where The normalized generalized scattering matrix Si was
the dispersion curves are not parallel lines. A power series computed for an example with w/A = 1.36 and p'/A =
of the form 3.87, where A is the free space wavelength. There are two

2 Mpropagating modes in the guides. Using 14 modes for the
c-W _ ('k + + a( +'" (2) field expansion on each side of the interface, the computed

2 + a ' PC + C12scattering matrix for the interface is

approximates the dispersion curves well. The cutoff k2 and 4.1oL-_- s8lo- 4L- 0.982 0.190 1
the coefficients ai depend on Pc and on the cross-section fQ 8.i10='-4Z_ 8.10- 4L_ -0.190 0.982
of the guide. When pc is large then at -, 1 and the cut- 0.982 -0.190 3.10_

4
LJ 8.10_4oZ: (3)

offs k2 are approximately the same between straight and 0.190 0.982 s.10-4ZL•° 6.10-4L -2J
curved guide with the same cross-section. In the large Pc
limit the two approaches described in this paper are equiv- where [a.,, a.2 , ac1, ac2]T is the incoming wave vector. The
alent. wave amplitudes a,, and a,,, are for the modes in the

straight and curved guides, respectively.
Notice that the reflection amplitude is less than 10-3.

If one assumes the reflections are similar for bends with dif-
ferent cross-sections but similar curvature, then reflection

6. . .at the straight-to-curved interface can be neglected. The
reflected power will be negligible as long as resonances are

U 4 avoided. The principal concern, then, is mode conversion.
'. V. AROUND THE BEND

The scattering matrix Sb for a bend over angle kb

can be easily computed given Si for the straight-to-curved
interface and the propagation constants m1 and m2 for.the0 1 2 3 4 5 6

m 2 /p2 (cm-2 ) two propagating modes in the curved guide. The example
above has m1 = 22.85 and m2 = 16.18. The next mode is

Figure 2. Dispersion diagram of the curved guide for the evascent with an d M =l16.8. The n coefic
firs deignlised n Tble1. he ashd lne s te diveevanescent with M3 = i 11.38. The transmission coefficient

first design listed in Table 1. The dashed line is the drive for the (straight guide) fundamental mode for various bend
frequency 11.424GHz. The ote angles b was computed. At tb = 2hr/(m - M2) = 0.941
speed of light along the center of the guide. the transmission is nearly perfect. At this bend angle the

two propagating waves in the curved guide arrive at the
IV. SCATTERING AT THE INTERFACE output end of the bend with the same relative phases they

There is potentially some reflection at the interface be- had at the input end of the bend. The propagating field
tween the straight waveguide and the curved waveguide. A at the output is the same as at the input except for an
generalized scattering matrix Si for the propagating modes overall phase, so waves are faithfully transmitted through
in the straight and curved guides can be constructed. the bend with no mode conversion.

As an example, the scattering matrix for the straight- The evanescent waves at the interfaces have decayed
to-curved interface in an overmoded rectangular H-plane sufficiently in the curved guide so that they can be ne-
waveguide bend was computed using a mode-matching glected in the transmission calculations for 0b = 0.941.
method. Only TE, 0 modes were considered so the fields This example leads to the principal design criterion for
are uniform vertically. In the straight guide propagating this type of overmoded waveguide bend: the phases em'0
along y the modes are E, oc sin(2wnx/w) where 0 < x < w must be identical for all modes propagating in the curved
is the horizontal domain of the waveguide. In the curved guide. In addition, evanescent modes should be sufficiently
guide the modes involve Bessel functions. They are E, oc above cutoff so that they decay well over the length of the
AJm(kp) + BYm(kp) where p, - w/2 < p <_ p, + w/2 bend, and thus can be neglected.
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Table 1
900 Overmoded Wave uide Bends

d(cm) I(cm) w (cm) pe (cm) mi m 2  m 3  m 4  ms fc6 (GHz)
4.372 0.986 0.465 31.786 72.873 60.873 56.873 52.873 28.874 11.536
4.275 0.971 0.611 36.655 83.867 67.867 63.867 59.867 23.868 11.819
4.358 1.054 0.593 38.754 89.034 73.034 69.034 65.034 25.033 11.579
3.940 0.765 0.476 23.891 53.870 41.870 37.870 33.870 9.871 12.726
4.157 0.904 0.622 33.894 77.212 61.212 57.212 53.212 17.213 12.163

......... .......... .......

- tt tt- ... ' ,.. . .- , x i.\® :9 ® .•\

-~~o . - i i

. . . .. . . . .. -, -- - - - ./ - -- - - -- - - 0 o I • -

-. '''''' -" - -"®®®

Mode 1 ("TEi1 ") Mode 2 ("TE 21 ") Mode 3 ("TE 3 1") Mode 4 ("TEO,") Mode 5 ("TM11 ")
Figure 3. Electric field patterns for the five propagating modes of the first design in Table 1.

VI. 900 BEND DESIGN and the decay amplitude over the length of the waveguide

Designs for a 900 bend with a cross-section as shown in is e = 5 x 10-8.

Figure lb were computed. The phases e'mi/ 2 for the five VII. FURTHER WORK
lowest propagating modes excited by the incoming wave Further designs can be found, perhaps with smaller
can be fixed relative to each other by adjusting the four radii of curvature and shorter septa so that the bend will
parameters: d, pc, I and w. Propagating modes not excited have smaller wall losses and be easier to manufacture.
by the incoming wave (due to symmetry) are neglected. A variation of the YAP field solver will compute the
Dispersion diagrams were computed using YAP and the evanescent modes in curved guide. With these modes a
bend parameters were adjusted so that the phases were the mode-matching algorithm can be employed to calculate the
same. This corresponds to the propagation constants mi scattering matrix Si for the straight-to-curved guide inter-
differing from one another by multiples of 4. The cutoff face, and then verify that reflections are negligible and that
(m = 0) frequency of higher order modes were computed in the design criterion is appropriate.
order to discard designs with more than five propagating Calculation of the wall losses through the bend and
modes at 11.424GHz. Table 1 lists the parameters for mode-conversion losses (due to manufacturing errors) also
five solutions. It also lists the propagation constants for requires knowledge of Si in order to obtain the mode am-
the five lowest modes and the cutoff frequency fe for the plitudes in the bend as well as the evanescent fields near
sixth lowest mode. the interface.

The cross-section in Figure 1 and the dispersion dia-
grams in Figure 2 correspond to the first design in Table 1. VIII. REFERENCES
The field patterns for the propagating modes are shown in [1] R. D. Ruth, "The Development of the Next Linear
Figure 3. At cutoff the field patterns for the modes in Collider at SLAC," SLAC-PUB-5729 (1992).
curved guide are similar to the corresponding modes in [2] S. A. Schelkunoff, "Generalized Telegraphist's Equa-
straight guide, but for large m the second and third modes tions for Waveguides," Bell System Technical Journal,
are mixed. This is evident in the field plots and in the 31, pp. 784-801, July, 1952.
dispersion diagram, where it appears that the second and [3] S. P. Morgan,"Theory of Curved Circular Waveguide
third curves are repelling each other. These modes arise, Containing an Inhomogeneous Dielectric," B.S.T.J.,
with the introduction of the septa, from the TE 21 and TE3 1  37, pp. 1209-1251, Sept., 1957.
modes of circular guide. The incoming wave is similar to [4] K. Halbach and R. F. Holsinger, Particle Accelerators
the fourth mode, which is a TEOi-like mode. 7, 213 k1976).

The cutoff frequency for the sixth mode of the first [5] E. M. Nelson, "A Finite Element Field Solver for
design appears close to cutoff. The estimated propagation Dipole Modes," SLAC-PUB-5881, 1992 Linear Accel-
constant using the straight guide formula is m6 2- i10.7 erator Conference Proceedings, pp. 814-816.
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Numerical Simulation of Coupler Cavities for Linacs*

C.-K. Ng, H. Derutyer and K. Ko
Stanford Linear Accelerator Center

Stanford University, Stanford, CA 94309

Abstract We model the symmetrical double-input coupler in the
We present the numerical procedures involved in the 30-cavity structure which was used in high power tests. In-

evaluation of the performance of coupler cavities for linacs. stead of all 30 cells, we simulate only a short section which
The MAFIA code is used to simulate an X-Band accelera- is sufficient for matching the coupler and it is computation-
tor section in the time domain. The input/output coupler ally more practical. Fig. 1 shows the mesh geometry we
cavities for the structure are of the symmetrical double- have constructed using MAFIA. It consists of two identical
input design. We calculate the transmission properties of coupler cavities and two regular accelerator cavities. The
the coupler and compare the results with measurements. coupler cavities are fed by WR90 rectangular waveguides
We compare the performance of the symmetrical double- through irises. Because the feeds are symmetrical, we only
input design with that of the conventional single-input type need to model one-quarter of the structure. The magnetic
by evaluating the field amplitude and phase asymmetries, boundaries imposed at the two symmetry planes are con-
We also evaluate the peak field gradient in the coupler. sistent with the waveguide fields as well as the fields of the

accelerating mode in the structure. The SLAC NLC oper-
I. INTRODUCTION ating frequency is chosen to be at X-band around 11.424

At SLAC, we have an active program on the Next Lin- GHz. Accordingly, the dimensions of the regular cells in
ear Collider (NLC) R & D, and couplers are an important our model have been designed for that frequency at the
part of the accelerator structure work in this program. In- 27r/3 phase advance per cell. The dimensions of the cou-
deed, the efficient delivery of power from RF sources such piers are different in order to fulfill the matching and tun-
as klystrons to disk-loaded accelerator structures in linear ing requirements described earlier.
colliders depends crucially on the coupler cavity. There
are several requirements to be satisfied by such a cavity.
First, it is to be well matched to the feeding waveguides
(see Fig. 1) in order to couple the maximum amount of
power into the structure to achieve the highest possible
accelerating gradient. Second, it must be tuned to the
synchronous frequency for the proper phase advance in the
structure. Third, it must have minimal deleterious effect
on the beam. Fourth, the couplers should ideally have
surface fields no higher than the interior. These consider-
ations, coupled with the fact that the geometry is intrin-
sically three-dimensional, make the design of the coupler
cavity a nontrivial problem.

Previously, coupler cavities for disk-loaded accelerator
structures have been designed following a set of procedures Fig. 1 MAFIA geometry for a 4-cell traveling wave section.
based on the KyhI method(i]. It involves a sequence of ex- Given a coupler geometry, we perform a MAFIA sim-
periments to determine the matching and tuning. Several ulation in the time domain. Power is fed continuously at
iterations on actual prototypes may be needed before an the input waveguide port in the TEio mode at a particular
optimal configuration can be obtained. The effort can be frequency, starting with a smooth initial rise and reaching
time-consuming and requires substantial empirical exper- 1 watt at flat-t,-p. The input power couples to the acceler-
tise. In this paper, wo? study an alternative approach by ating mode via the irises, propagates through the section
numerical simulation. We build a computer model that and exits by way of the output coupler. The simulation
approximates closely the coupler cavity. Since changes in extends over many filling times of the section until a tray-
dimensions can be easily implemented on the computer, eling wave at steady-state is reached. At the end of the run,
this approach offers a distinct advantage over cold tests in the reflection coefficient S11 at the input waveguide port
optimizing a design. Furthermore, valuable field informa- and the transmission coefficient S2 1 at the output waveg-
tion such as asymmetries and peak gradients, for example, uide port are evaluated. In addition, the electric field on
is readily obtainable numerically, which otherwise would axis and in designated regions of interest is recorded for
be difficult to measure experimentally. These advantages subsequent post-processing.
provide the motivation for our effort to develop an accu- Ill MATCHING AND TUNING OF COUPLER CAVITY
rate and reliable computational procedure for matching
and tuning this particular RF component. The cross-section of the coupler cavity is shown in

Fig. 2(a). There are three dimensions to be determined:
II. THE NUMERICAL MODEL the coupler diameter, the iris aperture and its thickness.

Assuming that the iris thickness is held fixed, the design
* Work supported by Department of Energy contract program is then to choose the two remaining dimensions

DE-AC03-76SF00515. in such a way that the matching and tuning are optimal.
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These conditions are assessed as follows. As far as match-
ing is concerned, we look for the minimum VSWR for theI "62
section. In the simulation, this corresponds to the small- 0 6
est reflection coefficient S11 at the input waveguide port. 6 I2

Fig. 3 shows the time history of S11 for a typical case when
the coupler is matched. We see that the steady-state can -90 ........ ........ l ...
be reached after several filling times and the amount of re- -0.01 0.00 0.01 0.02 0.03 0.04
flection is quite acceptable (VSWR = 1.023 in this case). z (m)

Fig. 4 Amplitude and phase variations for a matched cou-
0 pler. Regions 1, 11 & III, and IV are the input coupler

cavity, the two structure cells and the output coupler cav-
0.0 oity, respectively.

M 0.0 regular cells. We also notice that it is symmetric about the
center of the structure which should be the case when the

-0.02-. couplers are nearly matched. In this case thc fields look
identical whether power is fed in at the input or output
end. The phase advance in the two regular cells is 1220,
close to the expected value of 1200 at the driving frequency

-0.06. _ .0of 11.42 GHz. In the coupler cavities, the phase variation
Tim0 (n0 ) is zero across roughly half the cavity and totals to 620 for

the whole cell. This suggests that the field in the half of
Fig. 3 The reflection coefficient as a function of time for a the coupler cavity near the cut-off beam pipe is essentially
matched coupler a standing wave while the traveling wave in the other half

To evaluate tuning, we examine the amplitude and advances by half the phase shift as compared to the regular

phase variations of the electric field on axis. One can write cell. These results confirm earlier data from dielectric bead
perturbation measurements1 M1 . As pointed out in that pa-

ET(z) = IEr(z)le-iT-"('), (1) per, the field amplitude and phase variations can provide
a means by which the tuning of the coupler can be accu-

where the time variation has been left out. In the MAFIA rately determined. Numerically such a procedure is much
run at steady-state, the electric field on axis along the easier to implement than in actual cold tests. A detailed
structure is stored over several cycles which can be Fourier- account of the numerical procedure can be found in Ref. 4.
analyzed to obtain ET and 0T. They are plotted in
Figs. 4(a) and (b) for the same matched case mentioned IV. COMPARISON WITH EXPERIMENTS
above. The dashed lines mark the boundaries between In designing the symmetrical double-input coupler for
cells. In both plots we see that the field is periodic in ,he the 30-cavity section, we performed a systematic numeri-
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cal search for the optimal dimensions, using the matching Single-input Single-input
and tuning conditions described above. We varied the cav- Asymmetry before offset after offset Double-input
ity diameter and iris aperture, then calculated the VWSR AE 10% 0.1% 0
and phase shifts in each iteration. With the coupler dimen- E1.5 1.50 0
sions that we found for optimal matching and tuning, one AN 6%
can vary the frequency to explore the bandwidth. Fig. 5 ---
shows a comparison of VSWR versus frequency between 0.10
the MAFIA simulations and experiments[fJ. Near the de- Table 1. Amplitude and phase asymmetries for single-
sired operating frequency of 11.424 GHz, the agreement input and double-input couplers. The designations ""
is very good and the dimensions of the actual coupler are and "ir" correspond to asymmetries shown in Fig. 2(a)
very close to those used in the MAFIA model. This is en- and (b) at r = a.
couraging because it means that we can reasonably model
the geometry for design purposes without expending an VI. PEAK FIELD GRADIENTS
unrealistic amount of computational resources. One of the problems of common concern in accelerator

1.6 ........ ...... .... ... structures is RF breakdown, which occurs when the peak
electric field gradients reached in these structures exceed

1.5 r-.Measurements a certain critical value. At SLAG, an X-band 30-cavity[ .t tMAFIA accelerator section has been RF processed up to a stable
14 - accelerating field of about 100 MV/m, for a peak input

VS " = I+lSII1  power of 100 MW. While it is difficult to determine the
too1- I1111 locations of peak gradients experimentally, these can read-

12' .2/ ily be obtained from our simulations. The maximum peak
1.2 11.42 gradient was found to be 240 MV/m and occurs near the

top part of the disk next to the first structure cell. Our
1. ! result is in reasonable agreement with the measurement of

I.G the 30-cavity structure[MJ, where damage was seen near the
11.37 11.39 I .41 11.43 11.45 11.47 top part of the coupler disk. Furthermore, the maximum

peak gradient in the structure cell is found to be very closef(GHz) to that in the coupler from our suimulation.

Fig. 5 VSWR versus frequency from MAFIA and measure-
ments. V. CONCLUSION

A numerical procedure for matching and tuning cou-
V. FIELD ASYMMETRIES IN COUPLERS piers has been developed, and good agreement has been

Conventional couplers are of the single-input type (see found between simulations and experiments. The advan-
Fig. 2(b)) where power is fed in from a single waveguide. tage of the double-input over single-input geometry has
This configuration inherently introduces field asymmetries been shown in terms of lower field amplitude and phase
across the beam aperture in the form of a dipole compo- asymmetries, and the location of the peak gradient in
nent. The amplitude asymmetry leads to a shear force the coupler cavity has been identified. The present paper
which spreads the bunch while the phase asymmetry re- demonstrates that numerical simulations can provide very
suits in a deflecting force on the bunch[6'. As discussed useful shortcut to cut-and-try prototyping in the design
in Ref. 6, the amplitude asymmetry can bc corrected by and analysis of linac coupler cavities.
offsetting the cavity with respect to the beam axis. The ACKNOWLEDGEMENTS
effect of phase asymmetry on the beam can be reduced by We are grateful to G. Loew and R. Miller for valuable
tilting the coupler cavity or by feeding successive sections suggestions. We also acknowledge H. Hoag, J. W. Wang,
from opposite sides. J. Haimson, N. Kroll, E. Nelson and W. Herrmannsfeldt

In the symmetrical double-input coupler, assuming for their interest in the problem.
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have the same phase, the dipole component is eliminated [1] R. L. Kyhl, Impedance matching of disk loaded accel-
by virtue of symmetry. The remaining asymmetries are erator structures, unpublished.
then due to the quadrupole component which can be mea- [2) The MAFIA Collaboration, F. Ebeling et. a)., MAFIA
sured by comparing fields at points 900 around the beam User Guide, 1992.
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single-input coupler are taken from Ref. 6 while those for SLAC-PUB-6086 (1993).
the double-input are obtained from the MAFIA simulation [51 H. Deruyter et. al., Proceedings of Linac 92 Conference,
of the matched case. We conclude from the results that the p407-9, Ottawa, Canada, August, 1992.
field asymmetry should be negligible near the beam axis [6] G. A. Loew and R. B. Neal, Accelerator structures, in
in the double-input coupler. This makes it a superior de- Linear Accelerators, p39-133, ed. P. M. Lapostolle and
sign over previous single-input types. Presently, the input A. L. Septier, 1970.
couplers for the 75 cm and 1.8 m structures being planned [71 1. W. Wang et. al., High-gradient studies on 11.4 GHz
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TESLA Vertical Test Dewar Cryogenic and Mechanical Design

Thomas H. Nicol, Donald E. Arnold, and Mark S. Champion
Fermi National Accelerator Laboratory*

P.O. Box 500, Batavia, IL 60510 USA

Abstract waveguide, a waveguide to coaxial transition, an RF
Collaborators on the design of a Tevatron tuning system, and supporting instrumentation.

Superconducting Linear Accelerator (TESLA) are
working toward construction of a test cell consisting of II. CRYOGENIC SYSTEM
four full length cryostats, 12 meters long, each
containing eight, 9-cell superconducting RF cavities. In During the initial design phase of the TESLA
order to ensure that each cavity meets its performance cryogenic system a distribution box was envisioned
requirements, 'as received' structures will be tested in a which attached to a conventional helium liquefaction
vertical dewar prior to installation in the cryostat plant at DESY. The purpose of the distribution box was
vessels. In addition, the dewar system will two-fold. First it was to contain heat exchangers to
accommodate cavities installed in their helium subcool liquid prior to distribution to the remainder of
containment vessels for testing if performance problems the system, including the vertical dewar. Second it was
occur during later stages of fabrication. The vertical to provide valving for independent control of all
dewar system permits testing of the RF performance downstream devices. To simplify the design of this
and high power processing of the cavity structures at distribution system, the heat exchangers and J-T valves
their operating temperature of 1.8 K. The design of the for subcooling 4.5K helium to 1.8K were moved to the
cryogenic system, vacuum system, RF input, test individual downstream devices. As such the design of
instrumentation, and tuning system will be described in the vertical test dewar involves more than a helium
detail. vessel, LN2 shield, and insulating vacuum vessel.

Figure 1 illustrates the cryogenic system in the vertical
I. INTRODUCTION dewar. Helium at 4.5K is supplied through a warmup

and cooldown valve to the bottom of the inner vessel for
The design center for the TESLA collaboration is the initial filling. After the vessel is full, this valve is closed

Deutsches Elektronen Synchrotron (DESY) in Hamburg, and flow passes through the tube side of a heat
Germany. The initial focus of this collaboration is the exchanger which provides counterflow exchange with
construction of a test facility consisting of four 12-meter gas being pumped from the liquid volume. The
long cryostats containing eight 9-cell RF cavities. Each subcooled inlet flow, initially at 4.5K, enters the inner
cavity is approximately one meter long and is contained helium vessel and is controlled by a J-T valve. The gas
in its own helium containment vessel. Prior to flow on the shell side of the heat exchanger is pumped
assembly, each cavity must be tested to ensure that its by cold vacuum compressors and is controlled by a 60
performance meets the design criteria. 1 In addition, one mm isolation valve. The design flow in all the piping
would like to be able to test cavities after they have been circuits is 5 grams/sec helium. The heat exchanger and
welded into their helium shells to verify that all of the valves are located in the annular space
performance has not been degraded during assembly between the inner helium vessel and the LN2 shield.
processing.

The initial testing on all cavities received from III. VACUUM SYSTEM
manufacturing is done in a vertical dewar. This dewar
provides the capability of testing 'as received' cavities at RF power to the cavity under test is supplied
1.8K under full RF power. It also allows high power through a full-height WR650 waveguide. At the cavity
processing of cavities to enhance performance which connection a transition is made to a coaxial connector
may be degraded due to surface contamination. As into the cavity itself. To minimize the potential for
such the dewar consists of a complete cryogenic system damage to the cavity in the event of a failure in the
as well as an RF insert for powering the cavity. The waveguide system, a ceramic window is installed at the
cryogenic system consists of an inner helium vessel, an waveguide to coaxial transition. This necessitates the
LN2 shield, and an outer insulating vacuum vessel. The use of two separate vacuum systems; one for the
RF insert consists of the cavity itself, the input waveguide capable of achieving 10-7 torr or better and

Operated one for the cavity system capable of 10-8 torr or better.
byde Universtwithties R.Desarh socine . At this writing, it was unclear what type of pumping

under contract with the U.S. Department of Energy.
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systems would be employed in these applications. dewar. These are only services for operation of theSimilar dewar systems in use rely primarily on ion actual device under test, i.e. the RF cavity. The actualpumps. There is some risk with ion pumps, however, of cavity is only a small part of the components suspended
titanium contamination in the cavity. In fact, such in the dewar, the sum total of which is referred to as the
contamination has been observed and is a concern for RF insert. This insert is suspended from the inner vessel
these systems. The waveguide and cavity vacuum closure plate and consists of the cavity, RF waveguide,
systems for this vertical dewar will likely be pumped by waveguide to coaxial transition ('doorknob'), and RF
means of high speed turbo-pumps. They provide the tuning system. Figure 2 illustrates a cross section of the
pumping capacity required and eliminate the potential dewar with the RF insert installed.
contamination problems. Once operating vacuums are The waveguide is a full-height WR650 assembly
achieved the pumping systems will be taken off-line, fabricated from stainless steel to minimize heat load intoprecluding the potential concern about vibration the 1.8K bath and copper plated for good RFinduced cavity resonances. conductance. A room temperature window and a cold

cylindrical ceramic window isolate the waveguide
III. RF INSERT vacuum from atmosphere at the warm end and from the

cavity vacuum at the cold end.
The previous sections outlined the requirements of The doorknob transition converts the rectangular

the cryogenic and vacuum systems for the vertical waveguide to a coaxial coupler. The outer conductor of

I

LA LA!
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reliefV

Dewar
- - - - -- - - - - - -top
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- - - -- - - - - - - - - - j-T level

Warmup/cooldown 4.3K return Heat exchanger Isolation

Vessel
bottom

Figure 1. Cryogenic piping layout
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the coax is a copper plated stainless steel bellows which system provides 100 mm total vertical adjustment of the
allows the cavity to be raised and lowered with respect cavity position relative to the center conductor of the
to the center coaxial conductor. This provides the coaxial assembly.
tuning capability needed to match the RF performance
of the coupler to each individual cavity. Movement of IV. INSTRUMENTATION
the cavity is provided by means of a linear drive system
mounted to the top plate of the RF insert. The drive Instrumentation will be provided to measure the

thermal and RF performance of the dewar and RF
systems. Although complete requirements have not
been defined as of this writing, the following illustrates
a partial list of the instrumentation requirements.

* Helium level probe
* Thermometers for cavity temperature mapping

and quench detection
- * RF measuring probes for the cavity and high

order mode couplers
* Electron detectors for the high order mode

couplers
* Accelerometers

"" Pressure transducers for the LHe volume
ff Iir Light monitors for the cold ceramic window

"WR650 Bake-out heaters"-r -,- •* X-ray monitor and spectrometer
- Cavity, waveguide, and insulating vacuum

CAVT gauges

V. SUMMARY

Fermilab is responsible for fabrication of the
> <complete vertical dewar system, i.e. the inner LHe

Cn vessel, LN2 shield, outer vacuum vessel, and RF insert.
Due to both ASME and German pressure vessel code
requirements on the inner vessel, it is being fabricated
by a commercial manufacturer. Fermilab will install
and test all the piping, valves, access ports, partial
instrumentation, and other mechanical equipment. The
present schedule requires that the first vessel be

-DOORKNOB shipped to DESY for installation in the TESLA test
facility late in the summer of 1993. Current plans
provide for fabrication of a second, identical dewar in
fiscal year 1994.

VI. REFERENCES

D]i A Proposal to Construct and Test Prototype
Superconducting RF Structures for Linear Colliders,
(DESY, April 1992).

1.8K HELIUM VESSEL
80K SHIELD

INSULATING VACUUM VESSEL

Figure 2. Inner vessel, outer vessel,
and RF insert cross section

991



Update of the TRISTAN Superconducting RF System

S. Noguchi, K. Akai, E. Kako, K. Kubo and T. Shishido

KEK, National Laboratory for High Energy Physics
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

Also in the last summer shutdown, the following 3
Abstract counterplans were performned in order to reduce trip rate.

1) Correction of Q-magnet alignment near the collision
The TRISTAN superconducting RF system has been point.

operated since 1988. The remaining operational problem is 2) Installation of a movable radiation mask at the place 7 in
the trip of the cavity caused by synchrotron radiation. In order arc side from the outermost cavity (10D#4).
to reduce the trip rate, we made realignment of Q-magnets in 3) Improvement of the orbit control scheme during
the straight section and put a movable radiation mask near the acceleration and replacement of beam position monitors
end of the arc section. The effect of these improvement, around the sc cavities.
operating status and long term performance are reported. The cffect of these on the trip is discussed later.

I. INTRODUCTION I1. CAVITY PERFORMANCE
IN THE RING

The TRISTAN superconducting RF system continues to
provide 40% of the total ring accelerating voltage. The history After the last report 121, the cavity performance was
of the operating condition is summarized in Table 1. Once in measured three times. Figure 1 shows the distribution of the
1992, the number of operating cavities was decreased to 23, maximum accelerating gradient, where "First 16" means that
because of many troubles such as vacuum leak at beam pipe cavities were installed in 1988 and never electro-polished
indium joints and water leak at outer water jackets of input afterwards. One of the worst cavities (1 1B#4) was degraded
coupler ceramic windows [1]. Three water leaked pairs of after reassembling. "Last 16" are those installed in 1989, and
cavities were electro-polished again, and four leaked pairs were "Spare & Repair" are those installed in 1991 (4 cavities) and
simply reassembled. In the last winter shutdown, the last those reelectro-polished after 1991 because of contamination
cavity pair, one of which was never operated since its or degradation. As a whole, the cavities arc keeping the initial
installation, was replaced by a repaired pair. But gradient, buta few cavities show degradation during operation
unfortunately, one of HOM coupler connectors was found to (Fig. I b). The limitation of these cavities (I ID#3,#4) is
be sputtered probably by excessive fundamental power due to coupler arc 12]. Since the gradient recovers after warm up and
HOM coupler quench during horizontal test. After exchange of the input couplers can handle enough power if the cavities arc
the connector, the cryostat was installed again and full 32 detuned, we think the limiting mechanism is multipacting
cavities came into operation from April, for the first time around the coupling port due to gas adsorption from the arc
since the commissioning in 1988. side and by so many trips (discharge).

Table 1: Summary of the operation of SC Cavities in TRISTAN-MR
Period Number of cay. Total Vc Eacc(ave.) Energy Current Physics Run

(at 4K)(operated) (MV) (MV/m) (GeV) (mA) (days)
1988 Nov-Dec 16 16 105-109 4.4-4.6 30.0 10 18
1989 Jan-Mar 16 14 82-88 4.0-4.2 30.4 9 49

May-Jun 14 14 87 4.2 30.4 10 17
Jun-Jul 16 16 105 4.4 30.7 10 37
Oct-Dec 30 28-29 190-200 4.6-4.7 32.0 12 25

1990 Feb-Mar 32 31 160 3.5 29.0 12 37
Apr-May 32 30-31 160 3.5-3.6 29.0 12 25
May-Jun 32 28-30 150-160 3.6 29.0 13 39
Jul 30 25 130 3.5 29.0 13 31

1991 Jan-Jul 32 29-30 140-145 3.3 29.0 9 36
Oct-Dec 30 26 140 3.6 29.0 13 35

1992 Feb-Mar 26 23 125 3.6 29.0 12 31
Apr-Jun 28 23-25 135-140 3.8 29.0 13 77
Oct-Dec 32 25-31 150-170 3.3-4.1 28.8-29.9 13 66

1993 Feb-Apr 30-32 28-32 145 3.2 29.0 13 48

Total accumulated time of cavities at 4.4 K 23300 hours
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Figure 2 shows the result ofQ measurement by liquid He 111. TRIP
consumption. The worst data point at 5 MV/m is that of thc
degraded cavity, II B#4. A. General Feature

There have been many types of trips and reports. Here we
12 summarize the present our understanding. In some cases, the

a) Sept. 1992 trips were caused by troubles of input couplers 131, but in the
"*• 9 -31 Cavities . other most cases, they are not related to hardware performance,

they happen from the beginning of a running period. The
general features of these trips are summarized as follows.
I) They are concentrated on some location, both arc sides

(IOD and I ID) and around JOB. Once the cavities at
3OB#1,#2 and 1 ID#3,#4 were exchanged to other cavities,
but the trip rate was not reduced. Figure 3 shows the
distribution of the trips in the last two running period.

0 2) The trip rate changes day by day, which is more
3 4 5 6 7 8 9 remarkable for the trips at Flat Top [21. Figure 4 shows

S12 1 1 1 the recent Fill by Fill trip rate of I 1D#4 and IOD#2,#4 at
b) Dec. 1992 Flat Top. Very high trip rates of IOD#4 and I1 D#4 in

"9 30 Cavities Fig. 3 a) were due to heavier bunching of the trips.
Uj 3) Trips during acceleration are sometimes concentrated
"4 6 around some energy corresponding to each cavity 131.

4) Trips during acceleration arc liable to happen with higher
beam current 121. But on the other hand, trips at Flat Top

3 (do not strongly depend on the beam current, they happen
also with lower current at the end of fills.

S 0 5) Most of trips seem to be discharge in the cavity or around
3 4 5 6 7 8 9 the coupling ports of input couplers and monitor couplers.

12 -
c) Feb. 1993

"9 32 Cavities
S2.5 (a) Trip Rate 10.12 - 12.04, 1992U. • First 16E

" Last 16 0 Acceleration
o [] Spare & Repair = 2 U Flat top

SL. 15 X not operated
== I-.

0 r1 113 4 5 6 7 8 9
Eacc,max [N'iV/n1 0.5

0
Fig. 1 Distribution of the maximum accelerating gradients. 10D 10C 10B 10A 11A 11B 11C 11D

35 Feb. 19!93 0.6
3 .5 irst 1. 0.6 (b) Trip Rate 02.19 - 04.26, 1993

8 [.ast16 0 Accelpration

- 2.5 - Spare & Repair -L 04 Flat top
_ 0 .0.32 -9

1.5• 0.2

1.5 - • ~ ~~~0.1 i •• • • =_

-0
04321 4321 4321 4321 a 1234 1234 1234 1234

0.5 III10D 10C 108 10A 11A 118 11C 11D

4.5 5 5.5 6 6.5 Arc Collision Point Arc
Eacc [MV/rnl

Fig. 2 Distribution of the unloaded Q values. Fig. 3 Distribution of the trips.
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Fig. 4 Fill by Fill trip rate at Flat Top.

B. Counterplans radiation coming from arc side. But, we thought that the
scattered radiation at the masks might be a trigger and

We have supposed that the main trigger is the installed a new movable mask which can hide the fixed masks
synchrotron radiation. In 1990, we moved fixed radiation of three arc side cryostats. This movable mask came into
masks of both outermost cryostats into the ring center by 1 operation in the last December, but we can not find the effect
mm. The effect was very drastic for the trip of I ID#3 during on the trip rate. This might be reasonable, since the trip rate
acceleration but was not seen for the other trips 131. The mask of these cavities depends strongly on the time, but it is hard
of the cryostat containing IOD#3,#4 was moved by another I to imagine that the situation of the radiation changes strongly
mm in the summer of 1991, and then the trip of 10D#3 with the time. Now, we doubt the fluctuating synchrotron
during acceleration became quiet. So the trips of these cavities radiation from Q-magnets around the collision point and
during acceleration are supposed to be due to the synchrotron schedule the beam test in the next week.
radiation from bending magnets.

The trips of the cavities from 10A#3 to 10B#2 were IV. REFERENCES
prominent in 1991 and the first half of 1992 [1,21. Since they
became prominent after installation of the superconducting
quardrupole magnets, we doubted the alignment of the III T. Shishido et al., 'Operating Status of the TRISTANman~.In the summer of 1992, the correction of horizontal Superconducting RF System", Proc. of the 3rd Euro.
magnets. I hsumro192thcorcinohoznal Part. Acc. Conf., Berlin, Germany, Mar. 1992, pp. 57-
alignment for the superconducting and the neighboring normal ar.
conducting Q-magnets, which are located at the same side as I I K. Kubo et al., "Four Years of Operation of the
10A, was done by 1 mm and 1.6 mm respectively to the T2IST.NK u percour Yearstof"Opron of the
direction of the outer side of the ring. The effect is striking,

sri mn~,15th nin. Conf. on High Energy Accelerators, Hamburg,
the trips around 10A and 10B have become quiet as is seen in 1hrnt. July 1n pi ErA-asH g
Fig. 3. This means that COD of mm order at superconducting 131 K. Akai et al., "Operational Experience with the

Q-magnets can produce enough radiation to cause the trips.

The remaining frequent trips are those of IOD#2,#4 and TRISTAN Superconducting RF System", Proc. of the

IID#4 at the Flat Top. They are all arc side cavities in 1991 Part. Ac,. Conf, San Fransisco, U.S.A., May

cryostats and are completely hidden by the masks from the 1991, pp. 2405-2407.
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Cryostat for a Beam Test with the CESR-B Cavity,*

E. Nordberg, P. Barnes, R. Ebrlich, W. Fox#, H. Heinrichs+ J. Kirchgessner,
D. Metzger, D. Moffat, H. Muller, H. Padamsee, J. Sears, K. She, M. Tigner

Cornell University, Ithaca, New York 14853

I. INTRODUCTION

Superconducting cavities have been chosen as the Initial design concepts for the prototype cryostat
best approach to meet the rf requirements of the were developed in drawings by the authors. These
proposed Cornell B-Factory. These requirements concepts included layouts of the beamline and
involve high beam power, low Q for higher order waveguide components, bellows for accomodating
modes, short beamline space and low cost. The next thermal contractions and misalignments, helium and
procedure in the development program of these vacuum vessels and other needed features. On the
cavities, following the successful tests of the basis of these drawings and other specifications we
prototype cavity in a vertical dewar, is to place it in circulated a request for proposal and Meyer Tool and
a horizontal cryostat in the Cornell Electron Storage Mfg., Oak Lawn, I11. were the successful bidder.
Ring and test under operational conditions with Meyer Tool have completed engineering calculations,
circulating beams. A later step in the upgrade of created fabrication drawings and are in the process
CESR before the switchover to a B-Factory will be to of constructing the cryosat. Figure 1 shows their
place four such cavities in the ring as the assembly drawing of the cryostat and cavity. Since
accelerating cavities for circulating beams of 2 x this is a prototype and we expect to disassemble it
500 mA. The B-Factory will require twelve cavities several times, a design with O-rings and indium
in the high energy ring (IA) and four in the low seals is chosen. We expect design modifications for
energy ring (2A), see Table 1. the final production cryostats, one of which may be

to use grindable welds in the helium vessel.
Table 1 Another modification will involve the rf waveguide,

SUPERCONDUCTING RF FOR CESR-B which, in the prototype test location, need not clear
the low ceiling of the CESR tunnel.

High Low
Energy Common Energy In the order for the prototype niobium cavity from
Ring Ring Dornier GmbH., Friedrichshafen, Germany, we also

purchased a copper version with identical
mechanical dimensions in order to make rf and

Luminosity (cm- 2 s-l) 1033 mechanical tests.[1J We plan to augment this cavity
Energy (GeV) 8.0 3.5 with the thermal transitions constructed at Cornell
Beam Current (A) 0.9 2.0 and complete the initial assembly at Meyer Tool with
Number of Cavities 1 2 4 this subassembly. Complete vacuum, pressure, LN2
Total Required temperature and other mechanical tests will be

Voltage (MV) 3 5 1 2 performed with this unit. Low power rf tests will be
Synch. Rad. Power (MW) 4.5 1.5 performed with this unit after it is shipped to
Volts per Cavity (MV) 2.9 3.0 Cornell. The reassembly with the niobium cavity
Load H 0 M Power (kW) 4-5 14-24 will be done at Cornell in clean room conditions.
Cavity Beam Power (kW) 380 400 This system will be tested at low power first, then

Cavity Dissipation at moved to a test location with full rf power available

4K (W) 1 00 and finally moved again to CESR for beam tests.

Q-Value 109
Frequency (MHz) 500 II. THERMAL TRANSITION PIECES
Tuner range (+/-kHz) 400 Within the vacuum envelope of the cryostat are

thermal transition pieces on the two beampipes and

*Supported by the National Science Foundation, with the waveguide designed to keep radiation and

supplementary support under conduction to the liquid helium bath to a low

the U. S. - Japan Agreement. level.(2] The beamline transition pieces are of the

#LANL same cross section as the ends of the niobium cavity.

+University of Wuppertal, Germany round on one end and fluted on the other end. They

0-7803-1203-1/93$03.00 0 1993 IEEE 995



are made of 1 mm thick stainless steel plated on the at a uniform temperature. The final portion of the
inside with 1.3 microns of copper and are 24 cm long waveguide within the cryostat is the vertical section
with LN2 intercepts 8 cm from the room temperature 25 cm long, going from LN2 to room temperature.
ends. They do not incorporate gaseous helium heat The rf vacuum window is in a section of waveguide
exchangers at the 4K ends. just above the cryostat.[3]

The thermal transition for the waveguide does The calculated radiation and conduction heat loads
incorporate a gaseous helium heat exchanger to help of the thermal transition pieces are included in
carry away the heat generated in the walls by the Table 2. The range of values for radiation depends
high incoming rf power . The passages in this heat on the assumption of the ratio of specular to diffuse
exchanger are formed by expanding double wall reflection on the internal copper plated surfaces.[2]
stainless steel sheets on each of the four sides. This
unit is 25 cm long and is plated on the inside with III.EXTERNAL BEAM LINE COMPONENTS
1.3 microns of copper. The next portion of the
waveguide, the 90 degree elbow, is held at LN2 In both directions along the beam line outside the
temperature, thus greatly cutting the thermal cryostat are the components consisting of the higher
radiation load within the waveguide to the cavity. In order mode loads, sliding joints, gate valves, and
addition the specular reflection of radiation from round section, water cooled pipes of diameter 24 cm
the room temperature portion of the waveguide to the and length 24 cm. They are designed to absorb the
cavity is reduced by shaping the internal surface of calculated HOM power of 24 kW each in the worst
the elbow such that the 300K radiation cannot reach case.[4] Outside these loads will be sliding joints,
the helium bath via a single reflection. This elbow also of the full 24 cm diameter as required in the B-
is heavily plated with 6 microns of copper since it is Factory. These fittings consist of silver plated rf

0570593-001
Helium
Bayonets Input

RF
Woveguide

InstrumentationV u

Tulner I
Mount •3

Helium Vessel iL

.Flutes

500 M~ oily • Beomline

LN2 Radiation Shield Magnetic Shielding

Figure 1. Assembly Drawing (Elevation) of the Cryostat for the CESR-B Cavity
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finger stock sliding on copper plated stainless steel cavity along the beam line relative to the cryostat.
which is surrounded by a bellows vacuum seal. The tuning coefficient of the cell is measured to be
Their axial range is 25 mm and they allow angular 390 kHz/mm with a required force due to the cavity
adjustment but no radial offset. Next in line are alone of 7100 N/mm. Added to this force is the
specially designed rf shielded gate valves. These hydrostatic force of 22000 N of the cryostat. The
have been designed and constructed in cooperation tuner has been designed for +/- 1 mm at 45,000 N.
with MDC Vacuum Products, Hayward, California as The drive train will consist of a stepping motor, a
rf shielded versions of their 24 cm diameter gate 100:1 harmonic drive speed reducer, and a ball
valves. Outside these valves are tapered sections screw. This is followed by a 10:1 lever arm
taking the beam pipes from the cavity diameter down terminating in a dual parallel flex hinge
to the existing beampipe sizes, which happen to be arrangement patterned after the proposed LANL
about 7 cm by 12 cm in the section of CESR selected PILAC cavity tuner.[5] Such a mechanism has been
for the test. These tapered sections are needed to built and tested. The advantage of such a flexible
minimize HOM power generation from the circulating linkage system is that there are no bearings with the
beams. They have rf shielded pumping ports to inherent alignment and backlash problems.
which 270 I/s noble diode, ion pumps are attached.
Two additional 60 I/s pumps are located on the V. INSTRUMENTATION AND CONTROL
waveguide for pumping the cavity during operations
when the gate valves are closed. Within the cryostat are rf probes located on the

thermal transition pieces and waveguide near the
Table 2 cavity. The cavity itself does not have any

CALCULATED HEAT LOSSES (Watts) penetrations for instrumentation. Temperature
monitors, a liquid helium level gauge and heaters

To Liquid Helium To LN2 are the only other internal instrumentation. All
Radiation Conduction other devices are external, such as, helium vessel

pressure relief and gauge, helium liquid input and
Round Pipe 3.3 to 5.1 3.8 38 gaseous output flow control valves, the LN2 control
Fluted Pipe 3.4 to 5.3 6.5 65 valve, the tuner and various other rf monitors. A
Waveguide 0.1 to 0.2 2.0 5 5 hard-wired interlock system will shut down the
LHe Vessel 0.1 power from the rf klystron in case of rf, vacuum or
Supports 0.3 3 beam related mishaps.
Bayonets 4.8
Ports 0.4 4 VI. REFERENCES
LN2 shield 25

[1] H. Padamsee, et al., "Accelerating Cavity
Totals 8.8 17.8 190 Development for the Cornell B-Factory, CESR-B",

IEEE Part. Acc. Conf. Proceedings, 1991, p.7 86.
R.F. Dissipation 100 12] H. Muller, et al. "Thermal Modeling of Cryogenic

Accelerator Structures", these proceedings.
Grand Total 1 27 [3] J. Kirchgessner, et al., "Prototype 500 MHz

Planar RF Input Window for a B-Factory
IV. TUNER Accelerating Cavity", IEEE Part. Acc. Conf.

Proceedings, 1991, p.678.
The required range of tuning of the cavity during [41 D. Moffat, et al. "Design, Fabrication and Testing
operation in CESR is 400 KHz in order to detune the of a Ferrite-Lined, HOM Load for CESR-B", these
cavity sufficiently to prevent unwanted excitation of proceedings.
the cavity by the coasting CESR beam. The bandwidth [5] D. J. Liska, et al., "Design Features of a Seven-

of the cavity at the planned Qext of 2x10 5 will be Cell, High-Gradient Superconducting Cavity",
2.5 kHz with a resolution of the order of 1 Hz. The 1992 Linear Accelerator Conference
cavity will be tuned by mechanically stretching the Proceedings, p.163.
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A Statistical Model for Field Emission in Superconducting Cavities*

H. PADAMSEE, K. GREEN, W. JOST, B. WRIGHT
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 USA

THE MODEL

SUMMARY
The surface of a SC cavity is divided up into a large

number of segments (typically 20 per cell). Each segment i is
A statistical model is used to account for several features of sprinkled with a random number of emitters ni, proportional to

performance of an ensemble of superconducting cavities. The the surface area of the segment. The maximum emitter
input parameters are: the number of emitters/area, a density, ni/areai is the one free parameter of the model. As is
distribution function for emitter 03 values, a distribution well known from DC and RF studies of field emisison, the FN
function for emissive areas, and a processing threshold. The properties (P3 and emissive area S) can fall within a range of
power deposited by emitters is calculated from the field values; typically 03 is between 40 - 600, and log S (m2 ) is
emission current and electron impact energy. The model can between -8 and -16. We also chose f3 and S randomly, but the
successfully account for the fraction of tests that reach the distributions for P3 and S values were chosen to mimic
maximum field Epk in an ensemble of cavities, for eg, I-cells observed distributions from DC field emission studies[2].
@ 3 GHz or 5-cells @ 1.5 GHz. The model is used to predict Accordingly, (see Fig.1)
the level of power needed to successfully process cavities of
various surface areas with high pulsed power processing N(b)- exp (-.01*"3)
(HPP). N(Log S) is a gaussian with half width of 2

After chosing an emitter set, we calculated at a given
INTRODUCTION operating field, the trajectories of the emanating electrons and

determined the power deposited on the wall of the cavity by the
impacting electrons according to established techniques[3]. We

Field emission is the most important gradient limiting then compare the total power for all emitters to the available
mechanism operative in SRF cavities. Over the last 5 years, a CW rf power. For example, 10 watts for a 1-cell 3 GHz
large amount of data has accumulated on the performance of cavity, or 100 watts for a 5-cell 1.5 GHz cavity. If the
cavities limited by field emission. At the same time, there simulated total power is less than the available rf power, the
have been significant advances in understanding of the nature test is declared a "success". As a final feature, if the power
of field emission, the Fowler Nordheim (FN) properties of deposited by a single emitter exceeds 100 watts, that emitter is
field emitters, their density of occurrence and their microscopic declared to be processed and extinguished. The cut-off value
nature. Significant advances have also been forthcoming in corresponds reasonably with the recent discovery that when the
understanding the nature of processing. Field emission total field emission current drawn from an emitter exceeds 10
currents increase with increasing field to initiate a mA, there is a significant processing factor[4].
microdischarge. This is an explosive event that leaves behind
molten craters, surrounded by starburst shape pattems[I]. We RESULTS
present here a statistical model that encompasses a large body
of known data on emitter properties to simulate a variety of By choosing 0.3 emitters/cm 2 for the single free parameter,
features about the known behavior of SRF cavities limited by we show in Fig. 1 the simulated performance for several sets
field emi. ion. of cavities: 1-cell @ 3 GHz, 1-cell @ 1.5 GHz and 5-cell @

1.5 GHz. We calculate the fraction of cavities that
"successfully" reach a field value, given by Epk. The
simulated resluts are compared to the data from 100 tests at
Los Alamos on 1-cells @ 3 GHz[5], 25 tests at Cornell on 1-
cells at 1.5 GHz[6], and 100 tests at CEBAF on 5-cells at 1.5
GHz[7]. All data used are from cavities prepared by nominally
the same standard chemical treatment. No advanced treatment

*Supported by the National Science Foundation, with data are used (eg. heat treatment or high pressure rinsing or
supplementary support under the U. S. -Japan Agreement. high pulsed rf power processing).
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Fig. 2: Comparison between model and experiment
1.5 GHz 1-cell cavities

120 The distribution of processed emitter location corresponds
L. , Experimental (Cornell data) well to the surface electric field, and compares favorably with

W 00- the observed distribution of processed emitter sites

. 80 S(starbursts/molten craters) reported in [8].
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. 80 " Simulated Fig. 3: Model predictions for location of processed emitters

"B g 60o The agreements obtained so far encourage us to examine

40 - the predictions of the statistical model for effectivenes of HPP
c -= (high pulsed rf power processing). We determine the behavior

20" of a cavity at Epk = 40 MV/m, after it is processed at fields of
1 50, 60, 70 and 80 MV/m each. Table shows a list of emitters

encountered in a 1-cell 3 GHz cavity at Epk = 40 MV/m.
1111 0246 3333Because of the power into field emission the Q would drop to
Epk (MV/rn) 5x10 8 . After processing at 50 MV/m and returning to 40

Fig. 1: Comparison between model and experiments MV/m, some of the emitters are predicted to process. The

We see remarkable agreement betweeen simulations and remaining emitters and their deposited power are listed underWe se rmarabl ageemnt etweensimlatonsand the column headed 50 MV/rn. The Q would rise to 3x10 9 .
data over the 3 sets of data. The most important feature is Note that the power and Q are re-calculated at the operating

that, as the area of cavities increases, the successful fraction of field of 40 MV/i. Similarly the result of processing at 60,

cavities at a desired field level decreases. Note that the 5-cell 70 and 80 MV/mr are listed under the appropriate columns.

1.5 GHz cavites have 20 times the surface area of the 1-cell Agan th predicte dpsted power ane areare-calultda

3Ghz cavities. Again the predicted deposited power and Q are re-calculated at

Fig. 2 compares the measured and simulated P distributions 40 MV/m.
from compares 1.5 thCornell cavitymdata.Measureaned P diiuts The statistical model confirms that, for CW operation atweeotandfrom tcl,15 herCornelctry data. MEpk = 40 MV/m and with no field emission, it is necessary to

were obtained from thermometry data[6],cryou P t 0M/..~ 8

Fig. 3 shows the location of processed emitter sites for a carry out HPP at 80 MV/i. ie [8]

1-cell 3 GHz cavity operated at 80 MV/m surface field. Ecw = 0.5 Epulsed
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Table 1: Single Cell 3GHz Monte Carlo HPP
Process at E (MV/m) 40 50 60 70 80

Watts at 40 MV/m for Run No. 1 5.8 25.9 5.8 0 5.8 5.8 0
2 8.5 0.6 0 8.5 0.6 0 0
3 23.3 1.6 0 1.6 1.6 0 0

4 0 0 0 0 0 0
5 78 0 0 0 0 0
6 1.7 3.6 5.3 1.7 0 0 0
7 3.9 0.3 0 1.3 0 0 0
8 1.5 1.5 1.5 0 0
9 18 0 0 0 0

10 7.5 0.6 0.6 0.6 0.6 0.6 0

Average power for one run (watt) 18.1 2.7 1.01 0.64 0

Q0 at 40 MV/m 5.5x10 8  3.1x10 9  1010 2x10 10  > 1011

We carried out a similar evaluation for HPP on 1.5 GHz,
10-cell cavities, close to TESLA type cavities. We found that REFERENCES
the relationship between Ecw and Epulsed is preserved. At
Eacc = 12 MV/m, we first found that the Q would be lowered [1] D. Moffat, et al. Part. Accel. 40:85 (1992)
to 8x10 8 because of field emission. Only 5 emitters/cavity [2] Ph. Niedermann, PhD thesis. Univ. of Geneva. 2197
would be successfully processed. If HPP were carried out to (1986)
establish a surface Eacc = 40 MV/m, then 110 emitters would [3] H. Pie! Proc. of the 1st Workshop on RF

be processed, and there would be no remaining field emission Superconductivity. ed. M Kuntze. Karlsruhe: KFK. KFK-

visible at Eacc = 20 MV/m. At Eacc = 25 MV/m, the Q 3019:145 (1980), p. 85
visidble a d tc e[4] J. Graber, PhD Thesis, Cornell University (1993).would be lowered to 5x10 1 0 . Hence the statistical model [5] B. Rusnak et al, 1992 Linear Accel. Conf. Proc.. p.728
predicts that if TESLA cavities could be prepared with standard (1992)
chemistry as the cavities today, it will be possible to reach the [6] H. Padamsee, et al. Proc. of the 4th Workshop on RF
TESLA goal, provided HPP conditions could establish Eacc = Suoerconductivitv. KEK Rep. 89-21:445 (1990), p. 207.
40 MV/m or Epk = 80 MV/m, if only for a short period, even [7] W. Schneider, CEBAF, private communication.
gisecs[1]. Another work has shown[91 that a klystron and [8] J. Graber et al, this conference.
coupler that could provide pulsed power of 1 Mwatt for a pulse [9] J. Kirchgessner et al, this conference.
length of I msec would be sufficient to establish the desired
field, even if the Q would fall to 2x106 during HPP.

CONCLUSIONS

A simple statistical model using known data about emitters
can explain the behavior of SRF cavities when they are limited
by field emisison. The model can be used to predict the
requirements for HPP.
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Design And Test of Prototype Cavities For The ELFA Linac

G. Beflomo
Istituto Nazionale di Fisica Nucleare - Sezione di Milano

via Fratelli Cervi 201, Segrate (MI), 1 20090 ITALY
R.Parodi, G. Gemme, P.Fabbricatore, R. Musenich, B. Zhang

Istituto Nazionale di Fisica Nucleare - Sezione di Genova
via Dodecaneso 33, Genova, 116146 ITALY

Abstract Table 1.
The design study of two possible configurations for the tae 1.

ELFA linac are presented. The first one is a multicell SLAC-
type structure scaled down to 1300 MHz, the operating Structure length, L 65 cm
frequency of ELFA. The second one is a multicell standing Frequency, f 1301.4 MHz
wave structure similar to the one foreseen for the Tesla Stored energy, U 9 J
project. The effect of the input and output couplers on the Energy gain, V 6 MeV
beam dynamics in the Travelling Wave is carefully studied by Transit time factor, T 0.69
computing the fields of the whole structure (including the Power loss, P 2.5 MW
couplers) by using the HFSS electromagnetic solver Peak surface electric field 33.5 MV/m
developed by Hewlett-Packard. Last the computed dispersion Peak axial electric field 24.9 MV/m
relation for the model structure is compared with the measured Shunt impedance, V2/P 14.1 MCI
one of a prototype structure. Quality factor, Q 3 104

I. INTRODUCTION The structure shape and the axial electric field are shown

ELFA (Electron Laser Facility for Acceleration) is a high- in figures 1 and 2.

gain free electron laser designed to operate in the microwave
region (radiation wavelength = 3 mm) with goals that are both
fundamental and technological in nature [1]. Among the basic
features of the ELFA experiment there is an RF linac to
provide electron beams with characteristics sufficient to drive
a free electron laser amplifier at 30-100 GHz in the high gain
regime in the presence of strong space charge forces. The
accelerator should deliver a 50 A peak current electron beam
at 6 MeV, with low emittance. The principal performance
parameters required for the ELFA accelerator are reported in
[2].

The choice of an operating frequency of 1.3 GHz for the
RF structure allows to fit the need of a train of several
micropulses with small energy spread.

II. LINAC DESIGN STUDY °.2 IF:,, • 1,:tI 34:.W ,1:,1 11.' owe

Two possible configurations for the ELFA linac are
considered. The first one is a SLAC-type 6 cavity section,
operating at 1.3 GHz in a travelling wave 2n/3 mode to Figure 1. SW axial field.
maximize the shunt impedance; the second one is a standing
wave section of 4 cavities operating in the n mode. For the
latter approach we have been studying a structure similar to
the one foreseen for the TeV Superconducting Linear
Accelerator (TESLA).

A. Standing wave structure.

A four cell structure was chosen to have two complete
accelerating periods in the n mode at 1300 MHz. The results
of the 2D calculations are summarized in Table 1.

Figure 2. SW accelerating structure.
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the one used for the 2D calculation, and was chosen to matchB. Travelling wave structure, the design of the NEPAL cavity at 3 GHz [3]. The first and

The results of the 2D calculation for one period of the TW last cells in the structure were modified to compensate for the
structure are presented in Table 2. The same normalization presence of the input and output power couplers and beam
condition was chosen as for the SW case. tubes [4]. An outline of the full 3D structure is shown in figure

The cavity shape and axial electric field are shown in fig. 5, while the calculated axial electric field is shown in figure 6.
3 and 4. For the 3D calculation the High Frequency Structure

A 3D calculation of the TW structure, scaled to 3000
MHz, including the input and output power couplers was also Table 2.
performed. Due to the very short length of the structure the Characteristics of the TW accelerating structure (one period).
presence of the power couplers can severely modify the field
distribution. In particular an accurate calculation of the fields Structure length, L 23 cm
in the first cell of the structure (that is in the low 0 section) is Frequency, f 1300 MHz
needed to fulfil the tight requirements on beam quality. To Stored energy, U 2.2 J
compensate for the presence of the power couplers the first Energy gain, V 3 MeV
and last cells of the structure were greatly modified. Transit time factor, T 0.79

The results of the 3D simulations are summarized in Power loss, P 0.78 MW
Tables 3a and 3b. Peak surface electric field 25 MV/m

Peak axial electric field 15 MV/m
The cavity shape for the 3D simulation was identical to Shunt impedance, V2/P 11.5 M92

Quality factor, Q 2.3 104
Group velocity, v, 0.6 %

Simulator (HFSS) code from Hewlett-Packard was used.

Table 3a.
Results of the 3D simulations of the TW accelerating structure at

3000 MHz.
Structure length, L 28 cm

-- - Frequency, f 3000 MHz
Stored energy, U 2.2 J
Energy gain, V 6 MeV

Figure 3. TW accelerating structure (one period). Transit time factor, T 0.7
Power loss, P 2.8 MW
Peak surface electric field 100 MV/m
Peak axial electric field 80 MV/m
Shunt impedance, V2/P 12.5 MU

51 Quality factor, Q 1.5 104
Group velocity, vg 0.45 %

II Table 3b.
"Results of the 3D simulations of the TW accelerating structure

scaled at 1300 MHz.

Structure length, L 65 cm
Frequency, f 1300 MHz
Stored energy, U 5 J

- Energy gain, V 6 MeV
Transit time factor, T 0.7
Power loss, P 1.8 MW
Peak surface electric field 43.5 MV/m

3.b .PA .• 2.a isna i,.,i z,.oB Peak axial electric field 34.8 MV/m
ZIMX[3 Shunt impedance, V2/P 19.6 MQ

Quality factor, Q 2.2 104
Figure 4. TW axial field (one period). Group velocity, v, 0.45 %
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To verify the results of the calculation a model (scale 1:1)
of the six-cell periodic structure was built. The dispersion
relation of the model was measured by an HP 85 1OC Network
Analyzer. A comparison between the measured and calculated
dispersion relation is shown in figure 7.

III. CONCLUSIONS

From the calculations performed and the measurements
done on the model, we can conclude that both the TW and the
SW structure are suitable to fulfil the requirements on beam
quality for ELFA operation using well established

Figure 5. 3D TW accelerating structure. technologies.
Nevertheless much care must be taken in the design and

realization of the TW structure, particularly with respect to the
first and last cells and the power couplers, to compensate for
the presence of transverse field components that can alter
beam characteristics at the structure output. Furthermore much
more power is needed to operate the TW structure with
respect to the SW one with the same energy gain.

Due to its shortness the main drawback of the SW
structure, i.e. the sensitivity to tolerances in cell realization, is
much less important than it is the case for long accelerating
sections [5]. In addition the presence of a single power coupler
that can be positioned in a high 0 section reduces the problem
of transverse field components compensation.
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I. INTRODUCTION

An important problem in the design of RF linacs is the - w -. ft P•.,•_r

coupling between the waveguide that feeds RF power into -
the accelerator and the cavity through which the beam is -4
being accelerated. The designer needs to know the cou-
pling coefficient, the frequency shift, and the external Q -

due to the waveguide. In addition, the details of the field
geometry in the vicinity of the aperture are important in -
the design.

In this paper, the simulation code ARGUS has been em-
ployed in a collaboration between SAIC and AccSys Tech-
nology, Inc. to model the external Q of the drift tube linac
(DTL) tanks in the injector of the Superconducting Super-
Collider (SSC). (The drift tube linear accelerators are de-
signed and built by AccSys Technology.) As the coupling
aperture (iris) size and shape is changed, the coupling fac- Figure 1: Waveguide to DTL tank coupling geometry.
tor changes. This paper presents results of numerical sim-
ulations produced to aid in determining the optimum iris
size for power coupling to the tank. A comparison of the be the same as the DTL. It was chosen to load the cavity
simulation results will be made with results from experi- with a dielectric rod along the axis to achieve the desired

mental data. frequency. The dielectric has a radius of 4 cm and a relative
dielectric constant of ER = 4.98. This results in a cavity

II. DTL MODEL frequency of f, = 427.717 MHz. Scaling the SUPERFISH
data for the dielectric loaded cylinder to the same wall

The intrinsic Q of the DTL cavity is about 40,000. Fig- current as the DTL yields a required cylinder length of
ure 1 presents a cross section of the device, showing the 10.525 m for the model to have the same stored energy as
waveguide feed, the coupling iris, and the cavity. Di- the DTL operating at the design field.
mensions of the structure are the following: tank radius, Due to the expected high Q of the device (17,500-70,000)
R, = 21 cm; tank wall thickness, T. = 1 cm; waveguide and the high detail of the structure in the vicinity of the
height and width, Hm = 9 in by Ww, = 18 in. It was coupling iris (requiring high resolution gridding), time do-
desired to study iris widths of Wi = 12, 15, or 18 cm, main calculations are too costly. However, there are sev-
with iris lengths ranging from W2 < Li < 30 cm. Due to eral methods available for determining the external Q of a
time constraints, only the Wi = 12 cm set of irises were waveguide loaded cavity device using a resonant frequency
fully modeled. It should be noted that the coupling iris and eigenmode solver. We used two of these methods; one
is oval, in general, when projected onto a plane transverse by Goren and Yu[1J, and another by Kroll and Yu[2]. Al-
to the waveguide axis. The smallest iris for any of the though both methods provide good results, each has its
widths listed above is represented by a circle in the pro- inherent advantages and disadvantages for our particular
jected plane. use. The ARGUS code provided the frequency domain

The requirements for the model were that the tank di- solver.
ameter be the same as the DTL so that the coupling iris In our study, although both of the methods are used and
would have the actual curvature, and that the frequency compared, only the Goren and Yu (GY) method is used for

all the iris sizes studied. A comparison of the simulation
'This work has been supported under a DOE/SSCL contract. results will be niade with results from experimental data.
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umnerical procedure cannot get the continuous-space an-
III. METHODS swer to the frequency to eight significant digits, it can get

The two methods, the Kroll-Yu (KY) method and the the result on the numerical grid to that accuracy. This

Goren-Yu (GY) method, are similar in that they both em- point is crucial to the use of both of the methods used in
rto find the odes of a this paper. It means that the changes to the grid frompl)oy a frequency dlomain solver carefully.oes f one waveguide length to another have to be done carefully.

shorted waveguide loaded cavity. In particular. for each Bneiwavlgide leng the ave to b e done
iris shape, several runs are made where the distance to the Basically, the grid along the axis of the waveguide has to
waveguide short is varied fronm run to run. However, the )e uniform in the vicinity of the short, and the lengths
two mthods differ by using the resulting simulation data modeled have to be such that they lay on multipies of that
in completely different ways to arrive at the external Q. uniform cell size. This seemed to allow the solver to behave

In the Kroll-Yu (KY) method, four runs are required sufficiently to give the necessary eight significant digits for
~tihe nmode of interest. Given this restriction, in addition to

for a good result[2] in our case. In this method, a reso-

nance curve of phase shift along the waveguide vs. mode the loaded Q, the KY method provides an accurate reso-

frequency shift is mapped out as shown in the example Iance frequency so that frequency shifts are attained.

of Fig. 2. The simulation data (denoted by the four solid quired. This method is based on determining the power

black circles in the plot) is fitted to a resonance curve, flow through the waveguide from an analysis of the details

The slope of that curve m ultiplied by one-half the reso- fl thet standing-wavegfie i nside the de taih

nant frequency (apart from a small correction(21) results of the standing-wave fields inside the waveguide. Each
"trun provides a relationship between the outgoing electric

in the Qet. An important point for the KY method is to field versus the reflection coefficient due to the coupling
iris. Thus, two runs can be sufficient to solve the problem.
With the resultant outgoing power, a shunt resistance can

ýVjty ...- ...... iradan) be calculated, giving a waveguide loaded Q.
R f5q..y. 4.7 62349WS.344 •S70 Phal. Shf, (ARGUS) This method works extremely well, and does not require

3..000 ", locating the short circuit so close to the actual zero in

300000 .-.--. .... ...... ... . ..... ............ 10 thme transverse fields along the waveguide. However, this
0... ....... .. . .. method still requires the same cautious gridding in the

vicinity of the short circuits. In addition, for sufficient
............................ 0 accuracy, the method demands a particularly accurate lo-

0 ....................-.................. .......... ................ ,0 cation of the peak in the field along the waveguide axis, as
S -. •well as the field's null position.

o0000. .......... .......... .......... ................ ........... .. SIM ULATION RESULTS
4...0 Although the full range of iris widths and lengths men-

-°o 00 -so 0o .40 Wo .30o -0 20 00 -o oo 0 o o0 0 o o

F. -c (kH4 tioned previously were considered, this paper only presents
the case of the iris width of Wi = 12 cm with heights of

Figure 2: Phase shift vs. frequency example for a 12 cm Hi = 12, 18, 24, and 30 cm. Figure 3 shows views of
by 12 cm iris aperture with a truncated DTL tank length. the waveguide/iris/cavity geometry as represented by the

ARGUS code.
Since the two methods can use data from the same fre-

choose lengths for the waveguide that sufficiently sample quency domain calculation, (although each uses the data
the slope inside the resonance curve, since the Q results differently) a direct comparison between the two meth-
from the maximum derivative of the curve. The difficulty ods could be done. This comparison was made on the
here is that some of the shorting planes must be placed in 12 cm by 12 cm iris only. On the basis of predicting a
extremely close proximity to the actual null in the trans- waveguide loaded Q, the comparison yielded extraordinar-
verse fields along the waveguide for this to occur. It may ily good agreement. The two methods predicted values
take several runs to find the proximity of this null. It for the Q within 1% of one another. (Please note that
should be noted that, by chance, if the short could be the results shown in Fig. 2 are for a truncated DTL tank
placed exactly at the null, then the actual solution to the and does not represent the nontruncated results presented
problem would be known. below.)

Another difficulty in using the KY method is that sam- Only the GY method was used on the full family of four
pling several points inside this resonance requires judicious iris shapes. Figure 4 shows the results of these four runs for
choices for gridding techniques as the shorted waveguide the 12 cm wide iris. The solid black dots represent the re-
length is changed from run to run. The changes in fre- sults from the GY method. For the KY method, only one
quency from run to run occur in the sixth and seventh value for Q was attained (corresponding to the leftmost
decimal point, requiring about eight significant digits for one on the plot), along with the frequency shift noted by
sufficient accuracy. It should be noted that, although the the solid black square on the plot. For the GY method,
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Figure 3: Waveguide to DTL tank coupling iris geometry as represented by ARGUS.

-4---Expwinental Daia ous iris shapes by numerical procedures is very important
SkIt Wldth m 12o mm ---4,1.-,Qu ,Che (kz for many reasons. It is ultimately desired to produce a

-*-- 0 highly efficient system by exploring many different designs.
An experimental determination in our case by trying many

-25 iris sizes and shapes is somewhat unfeasable; however, us-
....... ...... ........ ..... ....... ing computer simulations to study a myriad of irises is

144*0 27 .50 more realistic. In our collaboration, we were able to ver-
. . ify results of experimental measurements combined with

S-theoretical methods with the simulation model's results.
0-too With respect to the two frequency domain methods

t0' ":"- -,25 used, the Kroll-Yu method and the Goren-Yu method, it

was shown that the two methods give excellent agreement
Io0 , -4-- -,so with one another. The KY method has the disadvantage

,OO ,SW 200 20s 300 350 that it required shorting the waveguide in close proxim-
ity of the true null for best results. Also, it required four

Figure 4: External Q and frequency shift vs. iris length for runs for a result; however, that result gave, in addition to
the 12 cm wide iris aperture. the Q, a resonant frequency indicating the frequency shift.

The GY method, on the other hand, although not directly
giving the resonant frequency of the resultant structure,

several values of Q were determined for each case, since only required two runs for a result for the Q, and did not
more than two runs were made for each case. This was necessarily dictate choosing the shorting planes so close to
done to determine the robustness of the method. On the the true null. In all cases, the agreement between the sim-
plot, the numbers adjacent to the solid black dots repre- ulation models and experimental results was quite good.
sent the range of values of Q from the GY method. For the
leftmost value, the KY method gave a result within 1% of VI. REFERENCES
the values in the band. As can be seen from the plot, these
ranges of values were within a 2% range for the leftmost [11 Y. Goren and D. U. L. Yu. "Computer Aided De-
three points, where the rightmost point's range spanned sign of Three-Dimensional Waveguide Loaded Cavi-
slightly more than 10%. On the plot in Fig. 4, the experi- ties," SLAC/AP-73. Feb. 1989.
mental results (shown by the hollow circles) show excellentagreement with the numerically predicted values. [2] N. M. Kroll and D. U. L. Yu. "CGomputer Determi-

nation of the External Q and Resonant Frequency

V. CONCLUSION of Waveguide Loaded Cavities.' Paritcle Accelerators,
34(231), 1990.

The need to determine the waveguide loaded Q for vari-
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Some Operational Characteristics of CEBAF RF Windows at 2K*

L. Phillips, C. Reece, T. Powers, and V. Nguyen-Tuong
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, 23606 USA

Abstract power coupler port, separating the cavity vacuum from a
guard vacuum maintained by a 300K polyethylene window

A CEBAF superconducting rf cavity was instrumented to outside of the cryostat. In this location, the 2K window is
examine RF window behavior at 2K. Of special interest was exposed to the outgassing load from the guard vacuum and an
window performance at levels of cavity power dissipation intense x-ray flux from the cavity when field emission is
considerably above normal operating conditions. A variety of present.
transient electronic activity was observed to occur at or near In the presence of very high levels of field emission in the
the if window, including the emission of light, a precipitous cavity, the window produces occasional flashes of light.
increase in reflected power, and interesting cooperative effects Operationally an arc detector (photomultiplier) watching the

between the window and cavity. Typically, the initiation of window and waveguide space shuts off the rf source when a

this activity at the window is correlated with the presence of a sustained flash of light occurs. Because an excessively high

high x-ray and energetic electron flux at the window produced rate of such trips could disrupt operations, a series of

by the cavity. Electronic activity at the window can investigations have begun to examine the phenomena in detail.

occasionally trigger the sudden disappearance of all stored II. EXPERIMENTAL ARRANGEMENT
energy in the cavity, herein referred to as an "electronic
quench". Variable delays of up to 40 p±sec have been To study this behavior, a standard CEBAF cavity was
observed between the onset of window activity and the decay tested in a vertical cryostat configuration shown in Figure 1.
of the cavity field, which can occur in less than 200 nsec and Transmitted

is always accompanied by an intense pulse of x-rays. When Vacuum Power

the cavity is off resonance with negligible stored energy, rf Vauu P Muuplier

fields at the window can be increased even further without the
appearance of these effects. FibeC

I. INTRODUCTION

Adusmable
It is common experience at most laboratories that rf Probe

superconducting cavities, even after very careful cleaning, can V
show substantial degradation in performance after installation Sapp

in horizontal cryostats [1]. It is believed that this is due in part X-Ray
to particulates introduced into the cavity from the mounting of Window Detector

couplers and other components during assembly. To avoid

this degradation in the CEBAF design, an rf window is Figure 1.
attached along with other components directly to the cavity in In this arrangement, the waveguide normally used to
the clean room immediately after processing. This procedu carry rf power to the window was replaced by a coax-to-
serves to seal pairs of cavities as hermetic units which are then waveguide transition consisting of an adjustable coaxial if
evacuated in the clean room and remain under vacuum during probe coupled to a shorted niobium waveguide, which was in

assembly into the horizontal cryostat [2]. turn bolted to the window.
The success of this procedure can be seen in production A fiber optics cable carried light from the window as

test results in which the performance of cavities installed in viewed through a sapphire viewport to a photomultiplier tube
the tunnel shows little degradation when compared to outside of the cryostat. A radiation-sensitive diode was placed
performance measured immediately after processing [3]. This next to the window to monitor x-rays produced by field-
direct attachment to the cavity in the cleanroom, however, emitted electrons striking the cavity surface.
places additional requirements on the window design, namely, Reflected and transmitted power, photomultiplier output,
that it operate at 2K, 8 cm from the beam line. These unique and radiation detector output signals were monitored and

conditions have produced unusual operating behaviour which recorded simultaneously in a 100 ptsec time interval triggered

is the subject of this paper. either by a change in reflected power or photomultiplier signal

The CEBAF cold rf window consists of a thin, high- or both. For all measurements the input rf coupling probe was

purity aluminum oxide ceramic mounted in a niobium critically coupled before an event.

waveguide flange. It is sealed to the cavity fundamental III. RESULTS

* This work supported by DOE contract DE-AC05- A variety of events were seen involving the four

84ER40150. parameters recorded. The simplest and least frequently
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observed event involved light and reflected power transients This simultaneity, however, is often absent. In some
and is shown as Figure 2. fraction of the events another new phenomenon was observed,

yet even stranger. A variable time delay, sometimes as much

P4 as 200 times longer than the cavity "electronic quench" time,• appears between the light pulse and the transmitted power
, decay. The reflected power transient remains coincident with

____-___-_-_-_the light pulse, and the x-ray pulse remains centered on the

-. Q * ___--,_ transmitted power decay or the collapse of the cavity field.
1.0, - An example is shown in Figure 4. in which the delay is about

,. .. . . . -35 tscc.
04. - I0.0 P

0.2 - . 5.0 F
o 0.. .. . L -_ = ._ - .-. _ • - -.-

* -12-5 00o I -S 2.E-S SE-1 ,2.5 -5o

in~e (w) 
2.

Figure 2. 1.0

The transients are coincident. An event of this type is _ _._-

consistent with a plasma being created in the waveguide on _.,

the outside of the cold window. The discharge, once initiated, 0-2

can effectively reflect rf power, produce light, and be fed by o._
an abundant supply of frozen gas on the cold waveguide walls. .. ,
This process can, but need not, involve the window and has no _ _ _ _ _ _--_

immediate effect on the cavity. This is evident from the lack 40 .

of change in the transmitted power signal in the 100 lisec time .,E-5 - oEo 2- S-s 3E-5 4E.3

window. Since the external Q of the fundamental power
coupler port is 6.6 x 106, the minimum time constant for any Figure 4.
change of stored energy in the cavity produced only by events
in the fundamental power coupler waveguide or window is A variety of delay times have been observed between 0 and 40
nearly a millisecond. lisec. It has been observed that the delay time tended to

For most events, however, a new and extremely process toward zero with continued arcing.
interesting phenomenon was observed in which the stored The mechanism for this time delay is not understood.
energy decayed from 103 to 104 times faster than expected. One possible explanation is that a discharge at the window
Figure 3 is typical. would trigger the arc detector and at the same time liberate a

to.0 cloud of frozen gas from the window. This gas propagates
,•., = =r. -IW _ into the cavity field. After some level of ionization and the
5.0 '- production of enough secondary electrons, an electron

avalanche precipitously absorbs the cavity energy. It is
_.0o .. . ... known that in some events a plasma or conducting medium

L--- exists briefly in the fundamental power coupler at the beam
pipe just after the trigger. This can be discerned from the
shape of the reflected power signal in Figure 5.

Go .--- - _____"_ --_ -- ,5.0
0.3, - 12.

. /rd
C 5.0

,,.0m- _AA =

.0., RaltiUm Diode -- __o__ _--_

0.20~
time (see) --.- = 2;0

.iE-5 OE0 E-5 ZE-5 3E_3 4E_5 1.0

Figure 3. o, - --

Here, the transmitted power decays in a few microseconds, ' '
indicating a quenching process inside the cavity triggered by oc r- _

activity initiated at the window, but with the window not -e-

participating in the energy dissipation. An intense radiation .
pulse, centered exactly on this fast energy decay indicates a ..0
sudden proliferation of electrons appearing in the cavity field .-2.E5 - _0 E-5 ,2.5 3E-5 4F._

as the energy-absorbing mechanism, or "electronic quench".
Here all signal transients occur at the same time. Figure 5.
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By the end of the trace the signal has saturated at a value The addition of gas. 'however, does not necessarily
indicating complete reflection of the incident rf power from increase the arc rate. In one experiment with arcing present.
the discharge in the waveguide. At 20 psec, however, the the test was interrupted to add 7.8 Torr-liters of air into the
reflected power signal is even greater, indicating some portion guard vacuum on the coupler side of the cold window. The
of the reflected power signal is momentarily augmented by if test was resumed and except for some initial low field
power emitted from the cavity. This may be attributed to a multipacting, which was conditioned away in 10 minutes.
sufficient quantity of charge in the coupler region at the beam there was no significant change from the preceding test.
pipe to lower the external Q, briefly allowing an increased
power flow from the cavity to ite waveguide. IV. DISCUSSION

Some of these measurement have been repeated with
similar phenomena observed on production test cavities and, We assume that the window is charging in tihe presence of
more extensively, on a special single-cell cavity which has field emission. Flashes of light which trigger the a detector

been instrumented to examine the spectral content of light are produced when a discharge occurs.
emitted (4]. There are several thoughts on the process by which field

Another interesting event is shown in Figure 6. emission might induce a surface charge on the ceramic
window. It has been suggested that secondary electrons

_M produced near the coupler by field emission current could
6 - follow trajectories terminating on the window surface [5].

Another means of surface charging arises from photoelectron
2 _emission induced by x-rays arising from field emission in the

_ _1 cavity passing through the window.
1.0o-5 0.05o .05.5 -jE.onAs Window charging has been demonstrated by electrically

02 insulating the entire window from the cavity and waveguide
PTrr •G coupler by inserting thin sheets of VESPEL between flanges.

Current flow from the window was monitored during
operation. In the absence of field emission, the window

OM. ..... • , current was less than one pA and
"4.1 independent of field. In the presence of field emission, the
.&- 0.0oeo 1.0&5 Z.06.s 3.0&3 current rose to as much as 20 nA.

Figure 6. Both charging mechanisms described are consistent with
the observed increase in arc rate with increased power

Here there is no light pulse at alL A small phantom pulse in dissipation in field emission. Tests are in progress which will
the light signal (PMTWG) coincident with an electronic isolate these mechanisms.
quench at 13 e arises from the fact that the fiber optic and
photomultiplier assembly are not immune to x-rays. The V. ACKNOWLEDGEMENT
event was triggered on a reflected power transient shown here
on a very reduced vertical scale to illustrate the size of the rf The authors wish to acknowledge N. Lao and P.
pulse emitted from the cavity. Without light at the Kushnick for their valuable support of this work.
photomultiplier, it would seem that this event occurs
completely on the cavity side of the window. VI. REFERENCES

One of the most important observations established by
this series of tests is the fact that all of the phenomena [1] Y. Kojima, et al., in "Superconducting Activities at
mentioned above do not occur unless field emission is present KEK," in Proceedings of the 4th Workshop on RF
Furthermore, when field emission is present, the arc event
rate, which can be as high as 10 per hour, increases with Superconductivity, August 1989, Vo g. 1, pp. L5--o5.

inreasing if power dissipation in field emission. [2] P. Kneisel, "rest of Superconducting Accelerator

In fact, window field alone cannot induce this activity. Proceedings of the 1987 IEEE Particle Acceleram r

To demonstrate this, the rf system was tuned to the coupler Conferece, Washington, DCt) Vo7 E 3, pp. 1893--95

waveguide mode (the waveguide resonator formed by the

shorted end of the waveguide coupler and the detuned short of [31 IL F. Dyila. "Operating Experience with SRF Cavities,"

the cavity which includes the window) at 1427 MHz. Under in the proceedings of this conference.
these conditions, the cavity is empty and no field emission is (4] T. Powers, P. Kneisel, and M. Vaidya, "Phoeemissionproduced. ITis was done in the middle of a testing period in Phenomena on CEBAF RF-Windows at Cryogenic

prodced Thi wa doe inthemidle o a estng Prio inTemperature," in the proceedings of this conference.
which arcing events were regurlarly observed. About 75 W [51 B. YuT n and R. Sundelin "Field-Emitted Electron

was coupled into this resonance, producing electric fields at Te s fo the CEA Cavity," in tte p ron

the window more than seven times higher than before. No o ris forence.

arcing was observed until the rf system was returned to t of this conference.

accelerating mode (1497 MHz).
In one testing period in which arcing occured with field

and if power held constant, the arc event rate was seen to
condition, suggesting the removal of gas from the waveguide
walls or window by repeated discharges.
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Photoemission Phenomena on CEBAF RF Windows
at Cryogenic Temperatures*

T. Powers, P. Kneisel and M. Vaidya
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, Virginia 23606 USA

Abstract observation suggests that not only desorbed gases but also
This paper reports on the photoemission observed during bulk material excitations from the specimen may contribute to

the tests on a single-cell 1500 MHz niobium cavity with a the initiation of the surface flashover plasma.
polycrystalline alumina rf interface window operated at 2 K.
The light emission from the window at 2 K was detected using II. EXPERIMENTAL TEST SETUP
a multi-channel fiber optics/PMT system and recorded with a
100 Ms/sec acquisition system. The spectral composition of For the experiments reported in this paper, an end cell of
two types of discharges has been measured. The results a 5-cell cavity with a fundamental power coupler waveguide
indicate that both broadband and narrow-band emissions are (FPC) was modified into a single-cell cavity (see figure 1) by
present, depending on the discharge type. the addition of a beam pipe. Cut-off tubes with flanges were

electron beam welded to the FPC and the coax-to-waveguide
I. INTRODUCTION adapter (tophat), permitting one to view the ceramic rf

window from both sides through sapphire or quartz windows.
The CEBAF accelerator system uses 338 superconducting Additionally, the interior of the cavity was monitored via a

niobium cavity assemblies at 2 K to provide a continuous view port attached at the lower beam pipe. The entire cavity
electron beam of 200 pA and 4 GeV after 5 recirculations assembly was immersed in liquid He at 2 K.
through 2 anti-parallel linear accelerators. Each cavity is The light produced in the cavity, beam pipe or FPC was
equipped with a ceramic rf window located in the input transmitted from each of the view ports to the external
coupler waveguide 7.6 cm away from the beam axis. This environment at room temperature using a non-coherent bundle
window hermetically seals the sensitive superconducting of 37 commercial grade 1 mm diameter acrylic fibers. The
surfaces against the waveguide guard vacuum in line with the transmission characteristics of a 10 m section of fiber were
5 kW klystrons. The CEBAF rf windows are presently made measured at room temperature, 4.2 K and 2.0 K. The ratio of
from a high-purity (99.9%) polycrystalline aluminum oxide input to output optical signal was between 10% and 30% from
(A1203) sheet of dimensions 13.3 cm x 2.5 cm x 0.4 cm thick, 350 nm to 720 nm with no measurable change when 5 m of
which is brazed to a thin niobium foil frame that is in turn the fiber was cooled. Outside of the cryostat the light signal
electron beam welded to a solid niobium frame for connection from each fiber bundle was split into 10 individual channels
to the waveguide system in a bolted flange joint. This by means of an optical splitter which insured a uniform light
window design satisfies the requirements for operation at the input was provided to each of ten S-20 characteristic
machine's design values of an accelerating gradient of Eacc = photomultiplier tubes. Using narrow band (10 nm FWHM)
5 MV/m and a Q value of Q _> 2.4 x 109. At higher gradients, optical filters, which were placed between the individual
however, several unwanted features such as surface flashover fibers and nine of the calibrated photomultiplier tubes, it was
at the ceramic window or possible arc-induced vacuum leaks possible to measure the temporal characteristics of the
have been observed, especially in the presence of heavy field spectrum of the arcing phenomena.
emission loading in the cavity [11. J

Arcing phenomena at ceramic rf windows, especially 300 K ' 2 K
when operating at room temperature with high peak power
levels, have been previously observed: Y. Saito [2] reported L
characteristics of alumina windows operated in an S-band , F
resonant ring configuration. Best power handling capabilities /
were obtained on alumina with high resistivity and a dense K- A I
microstructure; the window failures were caused by
multipacting electrons impinging on the ceramic surfaces with
a secondary electron emission coefficient > 1. As a pre- J- ,
breakdown phenomenon, broadband optical emission centered
at 300 nm and 700 nm with a narrow emission line located at
694 has been observed and is interpreted as

cathodoluminescence due to electron bombardment. More F
recently, spectroscopic observations of surface flashover on Figure 1. Diagram of a single-cell cavity showing (A) top hat
alumina under pulsed excitation revealed that the light with variable coupler, (B) fundamental power coupler, (C)
spectrum contained not only lines due to gas desorption during ceramic window, (D) field probe locations, (E) optical
the arcing but also aluminum oxide bands [3]. This windows, (F) x-ray detectors, (G) fiber optic bundles, (H)

cavity pump-out port, (J) rf cables, (K) optical splitter, (L)
*This work supported by DOE Contract DE-AC05-84ER40150 photomultiplier/filter assembly and (M) monochromator.
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During the experiments the cavity was typically operated same temporal and spectral characteristics as that of an
at a peak surface field of 22 to 25 MV/m with field emission electronic quench, is observed. For the next 350 Ps an
loading producing > 100 Rad/hr at the cavity. Field levels in emission, which has distinctly different spectral characteristics
the cavity and the window-waveguide space were measured from an electronic quench, is observed. This is followed by a
by means of pickup probes located at the beam pipe and long tail, which has similarities to the long decay tail of the
tophat, respectively. Silicon photodiodes (Hamamatsu electronic quench.
A1221-01) were used as X-radiation detectors [4]. They were 4
placed on the cavity window frame and at the beam pipes. P fp 2.-.-.. -...-.-... -. -
The transfer function of the 20 kHz BW signal conditioning (bp) 0
amplifier was 15 V/pA. It has been empirically determined 2 0

that the output voltage of this amplifier detector combination
is on the order of 10 Rad/hr-mV (1]. PfP I ......

Data acquisition was provided by four 100 Ms/s digital (hat)
oscilloscopes with a total of 12 channels. Typical sample 6.
rates were 20 Ms/s with a record length of 1000 points. The 4 - U-
PMT signal, which was not optically filtered, was used by a P ref 2- ,
detection circuit that provided a latched trigger signal when 01
the PMT current was above a level, typically 20 piA, for more 3
than 2 ts. This trigger signal simultaneously triggered all PMT 1 I_
acquisition channels. The data were transferred via IEEE-488 0
protocol to a Macintosh computer for storage, and the arc -1 ..
detection circuitry was reset automatically using the -2E-4 0130 2E-4 4E-4 6E-4 8E-4
LabVIEW® software package. t (sec)

III. RESULTS AND DISCUSSION Figure 2. Beam pipe rf probe, tophat rf probe, reflected power
and PMT signals for an electronic quench (vertical units are

A. Types of arcing phenomena arbitrary).

Two types of light-emitting events will be discussed in 2-
this paper. In both types of events the energy stored in the I
cavity disappears several orders of magnitude faster than the P fp 1. -, "

80 ms decay time of a cavity with a QL of 109. In one type (bp) 0-

of event which has recently been identified [1, 5], the stored 2-.
energy, as measured by the transmitted power signal, is fully P fp I
dissipated in less than 5 ps. Decay times as short as 150 ns (hat) 0- ,
have been measured. This is accompanied by a large, short 6
duration X-ray pulse of approximately 500 kRad/hr for less 4-

than 5 ps and a short intense light pulse which is detected at P ref 2 . . . .
the beam pipe and on both the cavity and waveguide s.de of 2 - ..
the ceramic window. Typical rf and photomultiplier signals 1
for this type of event are shown in figure 2. This class of PMT
phenomena, which we call "electronic quenches," are 0
interpreted as the effects produced by the sudden injection or
liberation of a large number of electrons into the cavity. The -2E-4 0EO 2E-4 4E4 6E4 8E-4
electrons and their secondaries quickly absorb the rf energy t (sec)
stored in the cavity and produce an intense bremsstrahlung Figure 3. Beam pipe rf probe, tophat rf probe, reflected power
pulse as they strike the cavity wall, beam pipe, or endplate, and PMT signals for a window/tophat discharge (vertical units
This "beam" loading of the cavity is consistent with the are arbitrary).
effects seen at DESY when a superconducting cavity is
heavily beam loaded [6]. B. Spectral characteristics

In the second type of event, the cavity stored energy is The optical emission data were extracted from the raw
dissipated in several hundred microseconds (typically 500 ts). data as follows. The average value of the photomultiplier tube
Figure 3 is an example of this type of event. The field level in current for different temporal regions of the discharges was
the tophat is extinguished in a few hundred nanoseconds, but calculated. These values were scaled by the tube and filter
it starts to build up again as the stored energy is drained from attenuation factors. The ratio between the channel in question
the cavity. When the cavity energy reaches a minimal level and the output of the unfiltered photomultiplier tube for the
the field in the tophat collapses and the discharge is same section of the waveform was calculated. Several data
extinguished. This type of event is interpreted as a discharge points were calculated for each filter value and temporal
occurring in the window/tophat region which is sustained by region of the different discharge types and averaged.
the stored energy in the cavity. The light emission during this Typically, the spread in the data was 20 percent of the value
type of discharge has three different temporal phases. During shown in the graphs. In total 200 discharge events were used
the first 50 ts a relatively large light pulse, which has the to generate the results reported in this paper.
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As shown in figure 4a, for the first 50 gts of both types of different peaks covering the entire spectrum measurable with
events the spectral responses are almost identical. Preliminary the current optical fibers. Analysis of this data will be
studies with a monochromator indicate that the large emission performed when better diagnostics become available. The
peak occurs at 394.2 ±1 nm. We suspect that this line is a final two spectral data plots, which are combined in figure 4c,
solid state line associated with the ceramic material, represent the data taken during the long (tens of milliseconds)
However, this is yet to be confirmned. The next spectral type decay tails. Although they are different they both contain a
was measured during the period of time between 50 lgs and strong line between 685 nm and 695 nm. Other researchers
400 jis on a window/tophat discharge (see figure 4b). This [2, 7] have reported on a line at 694 nim, identifying it as a
temporal region of the discharge is characterized by several chromium impurity level in alumina. In our experimental

30- setup this line could originate in the ceramic window or at the

250- Electronic Quench sapphire view ports.

-a-25- Waveguide/1'ophat Discharge IV. CONCLUSIONS

* . * The experimental investigations reported here are
t15 .................... preliminary tests to understand the arcing phenomena

encountered when ceramic rf window materials are operated
'0 1.................. .at cryogenic temperatures. It is obvious that this phenomenon

* is very complex, involving both solid state processes in the
5 - On-ceramic material and probably desorption processes at the
o cryogenic surfaces under the influence of ionizing and optical

radiation. Existing data from dc-pulsed and if experiments
300 350 400 450 500 550 60065 700 750 indicate that the microstructure and impurity content of the

Wavelength (unm) material as well as the surface conditions influence the
(a) flashover characteristics. It is believed that temporal spectral

6- data of the surface flashover phenomena will help to untangle
* , *the complex nature of this phenomenon, which can become a

5 ------- *- - - - - - - serious impediment to the operation of an accelerator with
- * * * -* -cavities run well into field emission. Future work involves the

S4 - . . . . * . use of a spectrometer and a gateable detector array to further
* ' '' ' *resolve the temporal and spectral information to try to identify

3.....................the initiating mechanisms associated with the discharge
process.
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Figure 4. Spectral characteristics of different temporal regionsVIAC N W EG NT
of the two different discharge types. (a) First 50 pgs of bothV.AC N W EG NT
the electronic quench and waveguide/tophat discharge. (b)
Second temporal region for a waveguide/tophat discharge We would like to thank Bret Lewis, Pete Kushnick, Carl
50 pgs < t < 400 p~s. (c) Last 400 to 600 pis of both an Zorn and the cryogenic support teamn for their effort in the
electronic quench and a waveguide tophat discharge. work described in this paper.
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Fabrication of the APS Storage Ring Radio Frequency Accelerating Cavities
K. Primdahl, J. Bridges, F. DePaola, R. Kustom, D. Snee,

Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439

Abstract occupy the first such straight section after injection, along with
Specification, heat treatment, strength, and fatigue life of the last three just before injection. Power is supplied via wave-

the Advanced Photon Source (APS) Storage Ring 352-MHz guide from an adjacent building, with a coupling loop incorpo-
radio frequency (RF) accelerating cavity copper is discussed. rating a cylindrical ceramic window. A single tuning plunger
Heat transfer studies, including finite element analysis, and con- will be provided. Cavity beamline aperture of 140 mm (5.512 in)
figuration of water cooling is described. Requirements for and was chosen to limit cavity area subject to synchrotron radiation.
techniques of machining are considered. Braze and electron Cooling will be provided by a closed loop system, exchang-
beam jointdesignsarecompared. Vacuum considerationsduring ing heat with the APS chilled water system. Water skids will be
fabrication are discussed. located in the adjacent klystron building, yet as close to the cavi-

ties as is reasonable. Vibration will be minimized by mounting
the pumps on cushioned concrete bases. A 400 liter/sec ion
pump with a lumped-non-evaporative-getter will be installed on
a drop line adjacent to each cavity. The vacuum tube-cross to the
drop line allows for independent alignment of each cavity, and
is designed for low impedance to the positron beam.

1II. MATERIALS
Room temperature RF cavities have been successfully fabri-

cated of solid Oxygen Free High Conductivity (OFHC) type cop-
pers, copper-electroplated steel, copper-clad steel, and alumi-
num. Important considerations include: electrical conductivity,

-• thermal conductivity, mechanical characteristics, vacuum out-
gassing rate, coefficient of secondary electron emission, form-
ability/machinability, weldability/brazeability, and cost. For the
APS, Oxygen Free Electronic (OFE) copper, UNS C10100,
Class 2 is specified. In specifying copper, "grade" refers to

!: chemical content, while "class" refers to metallurgical character-
istics; primarily grain size and inclusions. ASTM B 170 and F68
provide the standards for grades and classes of copper suitable
for RF cavities. OFE copper is at least 99.99% copper, with less
than 5 ppm of oxygen. Low oxygen content is important to elec-
trical conductivity and brazeability (hydrogen atmosphere of a
braze retort will combine with oxygen to cause pitting of the sur-
face where oxygen is present in copper). Whereas oxygen is dis-
placed by adding phosphorus in cheaper grades of copper, no
such additives are allowed for high purity copper; hence, care
must be taken not to introduce oxygen during each refining/pro-
cessing step. In addition, we required a vacuum degas during the
casting process, an operation that removes hydrogen and is nor-
emally important only for production of Class I copper. TheAPS Storage Ring RF Accelerating Cavity essential difference between Class 1 and 2 is hydrogen intersti-

(water manifolds removed on one side) tials vs. void interstitials along grain boundaries.
As rough shapes for APS cavities exceed cake width ("cake"

I. INTRODUCTION refers toa rectangular cross-section, while "billet" refers to acir-

The 7-GeV Advanced Photon Source positron storage ring cular cross-section), it is necessary to forge the cast copper in
will require sixteen separate 352-MHz RF accelerating cavities, order to generate a size/shape that allows APS cavities to be fab-
Cavities will be installed, four each, in straight sections used ricated of three pieces: two cup-shaped ends, and one ring-
elsewhere for insertion devices. Specifically, the RFcavities will shaped center. Moreover, we require that the three shapes be

cross-grain forged in order to break up the grain boundaries. For
* Work supported by U.S. Department of Energy, Office of Basic high purity copper subjected to furnace brazing temperatures,

Sciences, under Contract W-31-109-ENG-38. grain growth can be significant; in fact, a single grain boundary
I Fermi National Accelerator Laboratory. through the thickness of a cavity wall is possible [ 11. After cross-

The submitted manuscript has been authored
by a contractor of the U. S. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a
noneclusive, royalty-free license to pui.sh
or reproduce the published form of this0-7803-1203-1/93$03.00 Q 1993 IEEE 1013 contribution., or allow other, to do so. for
U. S. Government purposes.



grain forging to width and thickness (no forming), our copper while, the prototype cavity was found to have higher tempera-
shapes were rough machined, allowing the supplier to immedi- tures around the ports, especially within stainless steel where
ately recycle a great deal of "hogged out" copper. electrical and thermal conductivity are lower than for copper. We

subsequently reduced the amount of stainless steel exposed to
RF, then copper plated (pure copper) the stainless steel surfaces

III. THERMAL ANALYSIS & COOLING wherever possible (including vacuum surfaces of blank-off

Important considerations for thermal performance include: flanges). Furthermore, we have provided flange cooling.

thermal gradient/stress/distortion within the copper, outside to Similarly, our ANSYS® stress analysis shows a peak stress

inside copper surface temperature difference, water to outside intensity of 27.6 MPa (4000 psi) with non-peak stress intensity

surface temperature difference, temperature rise of cooling up to about half that value, in the same range as is reported for

water, total water flow rate, water velocity, and number/size/ 0.2% yield strength of fully annealed copper [1]. With such a low
yield strength, cycling into the plastic range seemed unavoid-

location of cooling tubes. As is typical for accelerator systems, able; accordingly, a fatigue analysis was performed. Applying
water-to-vacuum joints are prohibited at the APS. the strain-life approach showed fully annealed copper to be very

A two-dimensional, axisymmetric URMEL model gener- acmoaig sn osraiebudr odtos

ated the distribution of heat load on the cavity surface. Results accommodating: using conservative boundary conditions, a

were used as input to an ANSYSt thermal/stress analysis. Using fatigue life of over 102A cycles was esumated [3].

hand-calculated convection coefficients for water flowing in
copper tubes at several flow rates, and varying the numbers of IV. MACHINING
tubes, several ANSYS® models were generated for comparison.
Distortion of the cavity due to thermal stresses may affect the res- Although we had first planned to hydrogen-retort-anneal the
onant frequency, a characteristic which can be used to tune the rough machined copper as a proof test against oxygen content,
cavity, provided copper fatigue does not become critical. our fabricator preferred to machine the outside features of the
Enhanced heat transfer with increasing water velocity must be cavities before annealing the copper (believed to be in approxi-
balanced against possible erosion corrosion where the protective mately the "half-hard" state after forging). Nevertheless, inside
layer of copper oxide on the inside wall of copper tubes is features are machined from fully annealed copper, after brazing
stripped away, leaving the soft copper subject to erosion by flow- of the cooling tubes and cavity ports. Nearly all machining
ing water (especially at the outer edge of a formed elbow, where operations of the inside surface are turning operations, where
the wall has already been thinned by forming). The final design tight tolerances and required surface finish are most easily
is optimum in that: temperature differences are within the range achieved. Care has been taken not to introduce sulfurized (dis-
of a conventional water cooling system, water velocity can be colors copper) or chlorinated (future corrosion problems as chlo-
held to a range where erosion corrosion of the copper tubes is not rine migrates throughout a vacuum system) cutting fluids. Spe-
a concern, thermal gradient/distortion within the copper is not cifically, we allow only waterbased cutting fluids, diluted with
severe, and fabrication/attachment of cooling tubes is straight- deionizedwater. All tooling is prohibited from touching any vac-
forward. uum surface, and aluminum prohibited from contacting any

In the final design, a nose-cone cooling channel is milled braze surface (said to interfere with wetting during brazing). End
into each end piece from the outside (sealed with a brazed cover), and center pieces are machined incrementally; being removed
and twenty 12.7-mm-diameter (0.5-in) copper tubes are brazed for inspection (while tooling remains in place), to allow for
into milled channels (slightly deeper than half the tube diameter). checking of residual stresses and machine errors, by coordinate
Measurements taken on a prototype cavity with 19.0-mm measuring machine. Machining parameters are adjusted to
(0.75-in) tubes, where thermal contact was suspect, showed that accommodate small deviations.
tubes with only half their diameter embedded in the bulk copper A small amount of excess material, in the form of a circum-
are capable of approximately 93% of the heat transfer of fully ferential step, is left during inside machining of the center sec-
embedded tubes as predicted by Dittus-Boelter [2]. Finally, we tion; hence, part of the inside diameter remains undersize. A set
selected copper tube extruded with rifling on its inside surface to of two ends and one center are test assembled, then resonant fre-
increase turbulence and surface area. Total flow of 4736 cm 3/sec quency is measured. Resonant frequency is to be within -50 kHz
(75 gpm) will be supplied in an all parallel arrangement, divided at 270 C. Predicting the effect of ambient temperature, electro-
into three circuits. Orifice plates and thermocouples will be used polishing, and electron beam welding (0.5-0.6 mm shrinkage per
to balance flows for uniform temperature rise. Average velocity weld), an amount by which step material must be machined away
will be Ill cm/sec (3.7 ft/sec), whereas the velocity above which is calculated. This final machining is performed (center piece
erosion corrosion becomes a concern is reported to be 227-364 only), then resonant frequency checked again.
cm/sec (7.5-12 ft/sec). For the worst-case of 75-kW heat load, In order to vary higher-order modes among the sixteen cavi-
a 3.7 K water temperature rise will result. ties and thereby reduce cavity-bunch instabilities, each cavity

Our ANSYS` thermal analysis showed maximum copper varies in length (distance between the nose-cones) by 0.30 mm
temperature to be 170 C above the water temperature. Mean- (0.012 in). This is achieved by machining each center section to

a different length. We expect the effect on resonant frequency to
t ANSYS is a registered trademark of Swanson Analysis Systems, be small and, in any event, negated by the resonant frequency
Inc., Houston, PA. testing and final machining described above.
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V. BRAZING/ELECTRON BEAM WELDING VI. ELECTROPOLISHING
Brazing is possible in a hydrogen retort or vacuum oven. A In order to enhance vacuum performance, APS cavities will

hydrogen retort offers a reducing atmospher "however, the dew be electropolished after resonant frequency testing and final
point must be controlled according to the types of oxides present. machining, but before electron beam welding. In one sense, elec-
Temperature vs. dew point data is available in the literature: cop- tropolishing can be thought of as an aggressive cleaning proce-
per oxide is relatively easy to reduce, chrc - ium oxide (stainless dure--it removes surface oxides, hydroxides, etc. A metal typi-
steel) less so [4]. In fact, for tie lower temperature filler metals, cally has a residual level ofcontaminant throughout the bulk, and
chromium oxide will not reduce-in these situations stainless a higher level at the surface. Though the residual levels cannot
steel is usually nickel plated before brazing. Alternatively, this be "cleaned away," the surface level can be reduced significantly,
characteristic can be used to an advantage where fixturing is con- allowing outgassing to more quickly decay to residual level.
cerned (prevents adhesion of fixture to parts). Oven temperature Electropolished surfaces are denser and smoother (less effective
is ramped to just below the filler melt temperature, then held surface area); hence, can recover faster from venting to atmo-
while all parts come into thermal equilibrium. Temperature is sphere. Similarly, smoother surfaces have lower field emission.
then raised to just above the melt temperature for a short time. We expect less arcing, faster conditioning, and less sputtering/
Afterwards, oven and parts are cooled with inertgas before expo- migration of copper as a result of electropolishing [5].
sure to atmosphere. Though electropolishing of our first end and center section

Several brazing schemes were considered where one to four subassemblies has not yet been performed, a copper/copper-
brazing steps would be required. Brazing in sequence can be plated-stainless-steel port subassembly has been successfully
done with different filler metals having decreasing melt tempera- electropolished, insuring that electropolishing of copper-plated
tures. The adva;ntage of several steps is the ability to leak check stainless steel can be performed without complication.
after each braze and the ease of sending a subassembly back into VII. ACKNOWLEDGMENTS
the furnace for a rebraze. Nearly all braze joints are tube-into-
bore, where we show 0.025-0.076 mm (0.001-0.003 in) clear- We express our appreciation to D. Dasbach, E. Klein, and H.
ance, inside to outside diameter. Vogel, Siemens AG, K61n, Germany for their technical assis-

The part-line is 645 mm (25.4 in) in diameter at the inside tance and timely communication. Also, to T. Smith, D. Voss, E.
edge; hence we considered it the most challenging joint. Wallace, APS, for their extraordinary efforts in preparation and
Although we originally planned to braze this joint, we later con- testing our prototype cavity and to L. Morrison for his persever-
cluded that an electron beam weld, performed at the cavity fabri- ance with drawings and revisions. Finally, to D. Meyer, J. Maj,
cator's facility using a cryo-pumped weld chamber, is superior. and C. Verdico, APS, for their assistance with thermal testing and
The electron beam weld is from the outside; hence, a small (1.5 braze developmenL
mm) step is machined on the part-line surfaces to serve as an VIII. REFERENCES
electron beam stop. Trial welds were necessary to determine
welding parameters so that the melt zone extends to the stop, but [1] Fritz, Jim, FNAL, Personal communication with author.
not through to the cavity (where surface irregularities and spatter [21 Incropera, Frank, and David DeWitt, Fundamentals of Heat
would result). It should be noted that the small part-line "crack" 1985.
closes during weld cooling/shrinking resulting in a smooth sur-
face for RF currents, but prohibiting the future use of any clean- [3] Bannantine, Julie, less Coiner, and James Handrock, Fun-
ing solutions. As electron beam welding is the final fabrication damentals of Metal Fatigue Analysis, Englewood Cliffs,step, we expect that rigorous cleaning will never again be New Jersey: Prentice Hall, 1990.
required. [41 Schwartz, Mel, Brazing, Materials Park, Ohio: ASM

International, 1987.
[5] Noonan, John, Personal communication with author.
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Performance of Production SRF Cavities for CEBAF

C. Reece, J. Benesch, P. Kneisel, P. Kushnick, J. Mammosser, and T. Powers
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

Abstract assisted by ultrasonic agitation, and final solvent rinsing with
Construction of the Continuous Electron Beam Accelerator ultrapure methanol or isopropanol. Two cavities are assembled

Facility recirculating linac represents the largest scale into a hermetically sealed pair, the basic building block of the
application of superconducting rf (SRF) technology to date. CEBAF acceleration system, in a class 100 cleanroom. Ceramic
Over 250 of the eventual 338 SRF 1497 MHz cavities have been ff windows, higher-order-mode loads [5], high-vacuum gate
assembled into hermetic pairs and completed rf testing at 2.0 K. valves, and rf probes are attached to the cavity openings with
Among these, 52% demonstrated usable gradients greater than indium seals. The pair is evacuated in the cleanroom and is
10 MV/m. maintained under vacuum thereafter.16] After assembly, each

Although the rf performance characteristics well exceed the pair is mounted on a vertical test stand and placed in a dewar in
CEBAF baseline requirements of Q0 = 2.4x l09 at 5 MV/m, the the CEBAF Vertical Test Area (VTA). The cavities are cooled
usual limiting phenomena are encountered: field emission, quickly through the 100 K range to avoid Q degradation, and rf
quenching, Q-switching, and occasional multipacting. An testing is performed at 2.0 K. The ambient magnetic field at the
analysis of the occurrence conditions and severity of these cavity is reduced to < 10 mG by an active coil and layers of
phenomena during production cavity testing is presented. The magnetic shielding. The cavity vacuum is < 10-6 torr prior to
frequency with which performance is limited by quenching cooldown.
suggests that additional material advances may be required for A new He desorption leak detection technique with a
applications which require the reliable achievement of sensitivity of 10-15 std cm 3/sec has been developed to verify
accelerating gradients of more than 15 MV/m. The distributions seal integrity at cryogenic temperatures.[71
of frequency and Q for a higher-order mode are also presented. 1. RESULTS A DISCUSSION

I. INTRODUCTION
A. Cavity Performance in Pair Tests

The Continuous Electron Beam Accelerator Facility in Typically 45 minutes per cavity is required to characterize
Newport News, Virginia, USA is presently constructing a the Q0 and Eacc performance and calibrate the transmission
recirculating linac designed to produce a low-emittance electron pickup probe. In addition, measurements are made of Qs of
beam with a current of 200 piA and energies upwards of 4 GeV higher-order modes (HOMs) and a resonance in the fundamental
for fundamental experimental studies in nuclear physics. power coupler. The latter is done to assess rf dissipation in the
Currents in excess of 260 ItA have been achieved from the cold ceramic window. Test results for three cavities are
45 MeV injector. Low-current precommissioning activities have presented in Figure 1.
produced a 245 MeV beam with the desired emittance
characteristics.[]] The performance of the SRF accelerating 2xl010 -
cavities exceeds design requirements.

As of I May 1993, 127 cavity pair assemblies have
completed testing and 28 1/4 cryomodules have been installed in I x 10 1 o *4 me -

the tunnel. Construction and installation will continue through A-0W A&
December 1993. Nuclear physics experiments are to begin in Q0 .........
1994.

II. CEBAF SRF CAVITIES

In 1989 CEBAF placed a contract with Siemens for the
manufacture of 360 5-cell niobium cavities according to a design
developed at Cornell University. These cavities have been
fabricated in accordance with CEBAF's "'Statement of Work"
using high-purity niobium of RRR > 250 for the cavity cells and
reactor grade niobium for beam pipes, waveguide couplers and I xl0 9 ......

flanges. The order has been completed recently as scheduled. E (MV/rn)

Experiences with mechanical features of these cavities are Eacc (MV/m)
described in papers 12] and [31 contributed to this conference. Figure 1. Typical cavity performance in vertical testing.

The cavities are tuned for a flat field profile by the vendor,
but received no surface treatment except for a preliminary In the majority of cases the Q value at 2 K is ý 10'0,
cleaning.14J The chemical processing takes place at CEBAF corresponding to a residual resistance of - 15 no. Lower Q
with a material removal of _> 50 gin, ultrapure water rinsing values have been observed when the ambient magnetic field at

This work is supported by US DOE Contract DE-ACO5-84ER401540. the cavity during cooldown had increased due to current
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fluctuations in the coil or when insufficient amounts of so
material had been removed during chemical processing. 40 - Field Emission Onstl

From the perspective of cavity performance alone, the 3so
".usable" accelerating gradient of a cavity has been defined as U 20
that field which is the minimum of: to-

EacclQ0 = 2.4x10 9 1, EaccIQFEl 0' 0 1, and ft
Eacclquenchl - I MV/m.

Figure 2 presents the distribution of usable gradients of IE+ 10 =
cavities which completed testing in the VTA through I May

; 0

IE+lO __ IE+9--------------
0 2 4 6 8 0 12 14 16 18 20

x x Eacc[FE onset] (MV/mn)
Qo dciFigure 3. Q and gradient at onset of field emission loading.

- K1  jcavities. Typically, a hysteretic step in Q from 9xlO9 to 6x10 9

S: Uwablsen at-agradient of 3 to 7 MV/in. The Q-switches usually
"Usbe"Prfrance persist after cavity reprocessing.

li iIt has been found that the lower of the two cavities in a

I E+9 - ..4.....4.....- vertical pair test tends to exhibit greater FE loading than the
0 2 4 6 8 10 12 14 16 18 20 upper unless the initial cooldown conditions are controlled so

Eacc[usable] (MV/mn) that the assembly is cooled as uniformly and as quickly as
Figure 2. Cavity Q factor at maximum "'usable" gradient. possible. The enhanced field emission is attributed to locally

concentrated adsorbed gas from the residual components of the
These performance results were reached in initial testing of cavity vacuum.

the cavities in all but 2% of the cases; a statistic is important for Thermal-magnetic quench has been exhibited by about half
large-scale applications of SRF technology such as the of the cavities in the last 100 qualified pairs. Among these, the
proposed TESLA machine, average Eacc[quench] is 1 3.0 MV/in. The Q value and gradient

Several minutes of cw rf processing with up to I0 ooW just below quench are presented in Figure 5. In the best case the
critically coupled to the cavity produces 10--30% gain in cavity tolerated a dissipated power of 55 W just prior to
performance in approximately 50% of the cavities. This rf quench.
processing normally takes place as a continuous process, It should be noted that this paper addresses only the
until a "jump"~ in field level occurs. "'Electronic"' quenches performance of CEBAF cavities during vertical testing. Detailed
(Cr < 150 ns) have been observed in that instance, performance testing of cavities installed in CEBAF cryomodues is

There have been cases where rather strong barriers were more complicated. In most cases, operational gradients are
encountered below I MV/in. Such barriers are very unlikely to constrained by hardware protection interlocks monitoring the
be inultipacting barriers in the cavity because they would waveguide section between the warm and cold rf windows.[ 10]
represent a very high order of multipacting. Possibly these low-
field barriers are caused by some electronic processes in the B. Performance Durability
variable coupler or the rf window, but this has still to be On occasion, the ceramic rf windows show leaks of less
confirmed. Sometimes it has been beneficial to apply high rf than 10-7 torr I/sec after cryogenic testing of the cavities. The
power to the other members of the fundamental passband in mechanisms for these failures are not yet understood, but
order to process a barrier. 30

The incorporation into the test stands of hermetically sealed
rf cable assemblies with welded dewar feedthroughs 25 I!j Initial Beta
eliminated a problem with low-pressure gas discharges at • ialBt
standard rf connectors inside the dewar.[8J :z 20 * FnlBt

Field emission (FE) loading is the most common • 15i
performance limiting mechanism, although 104 cavities have
exceeded gradients of 9 MV/in without significant FE loading. 0 10
See Figure 3. The degradation of the Q value due to FE has *
been analyzed on the basis of the modified Fowler-Nordheimi5
theory, and the fit parameter 'field enhancement factor'", f3, has 01 [
been extracted.[9J After processing per above, this value is 80 160 240 320 400 480 560 640"observed to peak at around 200 as shown in Figure 4.

Minor Q-switchcs have been observed in about 2% of the Figure 4. Field enhancement factors for FE limited cavities.
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Figure 5. Cavity Q and gradient just below quench. f(MHz)

several investigations are underway at CEBAF.I I I], 121 Figure 6. Distribution of frequency and loaded Q for a HOM.
In such instances, the rf windows have been exchanged in the
cleanroom after careful venting of the cavity pair with filtered V. ACKNOWLEDGEMENTS
N2 gas. The pair was reevacuated and retested with no
degradation of rf performance even on the best performing We would like to thank all colleagues who contributed to
cavities with Eacc _Ž 16 MV/m. this work, especially the members of the chemroom, assembly,

Less successful were attempts at exchanging the assemblies and VTA teams.
which interface to the helium vessel of the horizontal cryostat. In
all cases where the assemblies at both ends were replaced, the VI. REFERENCES
cavities performed worse after the exchange than before. We
attribute this to our inability to maintain a positive flow of nitrogen [I] A. Hutton, "CEBAF Commissioning Status," these
during the more complex exchange operation thus allowing some proceedings.
particulate contamination of the cavity surface. [2] J. Mammosser et al., "Analysis of Mechanical Fabrication

On several occasions cavity pairs which had proceeded on Experience with CEBAF's Production SRF Cavities,"
through subsequent assembly into horizontal cryostats were these proceedings.
removed and retested vertically to assess the durability of the [31 J. Mammosser and J. F. Benesch, "Mechanical Results of
cavity rf performance through these handling procedures. The the CEBAF Cavity Series Production," these proceedings.
rf performance did not degrade in those cases where the cavities [41 M. Dzenus et al., "Production of Superconducting
received exposure only to filtered N2 or cleanroom air. Niobium Cavities for CEBAF," Conference Record of the

1991 IEEE Particle Accelerator Conference, Vol. 4, pp.
C. HOM Measurements 2390-92.

Included in the vertical pair testing is the measurement of [51 I. E. Campisi et al., "HOM Damping and Absorption at 2K,"
the frequency and loaded Q values of two members of the TE, I I Proceedings of the 3rd European Particle Accelerator

passband. This is used to verify the effectiveness of the HOM Conference, Vol. 2, pp. 1237-1240.
loads and to determine the distribution of frequencies produced [61 P. Kneisel, "Test of Superconducting Accelerator
by the manufacturing tolerances and cavity tuning. Figure 6 Structures in a Closed Vacuum System," Proceedings of

presents the results for the mode with a nominal frequency of the 1987 IEEE Particle Accelerator Conference, Vol. 3,
1980 MHz, showing quite adequate damping of this mode. pp. 1893-95.

17] M. G. Rao, "He Desorption Leak Detection Method," to
IV. CONCLUSIONS be published in the proceedings of the 1992 National

Vacuum Symposium (J. Vac. Sci. Technol.).
CEBAF has completed the assembly and testing of 250 [81 Cable assemblies were custom fabricated by Kaman

out of 338 SRF cavities. Thanks to an excellent industrial Instrumentation, Colorado Springs, CO.
partner and stringent QA procedures, the performance of the 191 R. J. Noer, "'Electron Field Emission from Broad Area
cavities consistently exceeds CEBAF design specifications Electrodes," Applied Physics A, Vol. 28 (1982) pp. 1- 2 4 .
of Q0 - 2.4 x 109 and Eac. - 5 MV/m. In the cases where the 1101 H. F. Dylla, "'Operating Experience with SRF Cavities."'
achievable gradients were limited by thermal-magnetic these proceedings.
breakdown, a rather large spread between 7 to 18 MV/m was IIlI H. L. Phillips et al., "Some Operational Characteristics of
observed. This suggests that the presently available high purity CEBAF RF Windows at 2 K," these proceedings.
niobium of RRR > 250 does not yet provide sufficient thermal 1121 T. Powers et al., "'Photoemission Phenomena on CEBAF
stability to reliably support the gradients of Eacc _> 20 MV/m RF Windows at Cryogenic Temperatures," these
needed for future linear collider applications, proceedings.

1018



A new 15 MHz-4 MV/m RF-Deflector
for the Munich Heavy Ion Recoil Spectrometer (MRS)

K. Rudolph and P. Jaenker
Sektion Physik, University of Munich

Am Coulombwall 1, 8046 Garching, W-Germany

abstract structure is not limited by electrical breakdown in insulator

A new 15 MHz resonant deflection system has been material.
developed. It reaches 4 MVIm with an input power of 20 kW. The coil was constructed with straight pieces of tubes and
It opens new possibilities to study strongly inverse reactions commercially available 90 degree tube fittings. This way the

with the Munich Recoil Spectrometer. coil resulted with a rounded square profile. The parts were
brazed together using silver solder. This manufacturing

1. INTRODUCTION method allows the inductance of the coil to be tuned to the
A new rf system has been designed and constructed for desired value by changing the coil length or by adding or

the Munich Heavy Ion Recoil Separator 1 , 2. This system subtracting windings. After final tuning the brazed

generates a strong electrical field between two deflector construction was electro-plated with copper achieving a
plates. It has an operation frequency of 15 MHz and reaches shiny surface with an excellent RF-conductivity. This
an electrical field strength of 4 MV/rn . This limit is only construction method is very versatile and can generally be
given by the available generator power of 20 kW. Since recommended for building high power coils.

insulator materials have been avoided, the maximum field To carry away the dissipated power we installed an inner
strength is not restricted by electric breakdown in insulators, flexible stainless steel hose. For both halves of the coil,

A sophisticated regulation system provides field cooling water enters at ground potential into the coil centre,
amplitude stabilisation and resonance tuning. An flows through the flexible tube to the coil end where the

electronically regulated mechanic damping system prevents deflection plates are attached, and returns in the outer tube to
the excitement of mechanic oscillation caused by the middle of the coil. RF power is inductively fed to the
electromagnetic-mechanic feedback (ponderomotive resonant circuit by a coupling loop diving into the middle of

oscillations 3 ). Also external mechanic disturbances as caused the coil. The vacuum flange carrying the loop can be rotated
by floor vibration are compensated. for impedance matching.

2. DESIGN OF THE DEFLECTION SYSTEM The relevant mechanical dimensions of the deflection
2.1 Choice of the deflector type system are summarised in table 1.
At frequencies as low as 15 MHz the construction of a

discrete resonance circuit is an adequate choice. Quarterwave Table I
resonators have more or less the same power consumption Mechanical characteristics of the deflection system

but are very inconvenient due to their length ( V4 =5 m).

Therefore the deflection unit consists of a pair of deflector coil diameter 200 mm
plates through which the heavy ion beam passes and a tube diameter 28 mm

discrete coil completing the resonance circuit. no. of windings 8
2.2 Mechanical construction winding distance 35 mm

The whole deflection system is mounted on the top flange coupling loop diameter 50 mm
of a vacuum box making assembly and maintenance very deflection plate length 250 mm

easy. The resonance circuit is a self supporting structure deflection plate width 120 mm
made out of copper tubes ( diam. 28 mm) with 10 mm thick deft. plate separation 70 mm

stainless steel deflection plates brazed to the ends of the vacuum box dimensions 1000*800*400 mm3

copper tubes. The structure is stiff enough to dispense with
positioning insulators. Hence, the performance of the

0-7803-1203-1/93$03.00 0 1993 IEEE
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Power dissipated in the coupling loop is carried away by 3.1 Slow tuning

flowing compressed air through the hollow loop tubing. A regulation circuit drives one of these capacitors by a

Macor ceramics are used for vacuum sealing and insulating gear-motor and tunes automatically the deflector circuit

the inner conductor, measuring the relative phase between pickup signal and

The magnetic flux induces eddy currents in the coil power source with an rf mixer unit.

housing. To keep power losses in the walls of the stainless

steel vacuum vessel as low as possible we surrounded the 3.2 Fast damping system

deflection system by a screening shield made of a coaxially In spite of all efforts to get the resonator as stiff as

welded copper sheet. possible, the avoidance of any stabilising insulators leads to a
somewhat shaky construction that tends to mechanical

oscillations. This fact not only leads to an extreme

2.3 RF characteristics susceptibility to external vibrations but especially to heavy

The tube diameter of 28 nim selected for mechanical ponderomotive oscillations. We suppress these oscillations

rigidity is also near the optimum value for maximum shunt with a fast tuning loop that keeps the resonator always on top

impedance of the resonator at the given vacuum chamber of resonance regardless of the actual mechanical state. To be

dimensions. Thus the values given in table 2 could be able to control the mechanic oscillation the cut-off-frequency

measured. Maximum reachable RF-voltage was only limited of the tuning system must be higher than the frequency of the

by the available power. n- .chanic mode of the coil (3 Hz). Therefore we gyrate the

Table 2 second variable capacitor with a galvanometer motor

RF performance of the resonator originally constructed to drive the pen of an

resonance frequency 15 MHz electrocardiograph recorder. The movement is transmitted

shunt impedance 2 MOhm into vacuum by a low friction rotational feedthrough with

quality number Q 3000 ferrofluidic vacuum isolation. The arrangement acts like a

RF-voltage 270 kV at gyrating pendulum with a resonance frequency mainly

RF-power 20 kW determined by the momentum of inertia of the capacitor body

that must be kept as low as possible. A light-weighted hollow

2.4 The power source ball (diameter 10 cm) was manufactured of copper by a

An air-cooled tetrode push-pull class C amplifier supplies galvano-plastic method. A weight of 39 g and a cut-off

up to 20 kW c.w. to the resonator by a 8/13-Flexwell coax frequency of 7.5 Hz was obtained.

cable.. The power flow from the source to the load and the To drive the fast tuner the same signal as for the slow

reflected wave is observed with a standing wave meter. tuning is used as the input. The driving amplifier for the

Amplitude and phase of the deflection field are measured galvanometer coil uses current feedback in order to avoid

with a small pickup-loop, additional phase shifts due to the inductance of the coil.

3. TUNING AND AMPLITUDE CONTROL 3.3 amplitude stabilisation loop

Due to the high electrical quality of the circuit a precise A feedback loop between pickup loop and power source

resonance tuning is necessary. The deflector circuit is easily iegulates the amplitude of the electrical field to the desired

put out of tune by small mechanic deformations as: value within 0.5 %.

* field strength dependence: the deflector plates are

attracted by the radiation pressure References

0 thermal expansion caused by the dissipated power I K.Rudolph et al.Nucl. Instr. and Meth. 204 (1983) 407

We use adjustable capacitors to tune the resonance

frequency of the deflector circuit: Two electrically grounded 2 S.J. Skorka et al. II Nuovo Cimento 81A (1984) 331

spherical bodies are excentrically mounted near both ends of

the coil. Their capacity can be changed by turning them 3 V. E. Shapiro Soviet Physics JETP 28 (1969) 301

towards or away from the coil.
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Superconducting Multicell Cavity Development Program at Los Alamos*

B. Rusnak, G. Spalek, E. Gray, 3. N. DiMarco, R. DeHaven, J. Novak,
P. Walstrom, J. Zumbro, H. A. Thiessen, and J.Langenbrunner**

Los Alamos National Laboratory
Los Alamos, NM 87544 USA

Abstract Our investigation of cleaning techniques has
The Superconducting rf (SCRF) Cavity Development concentrated on systems that could also be used on the four-

Program at Los Alamos has designed, fabricated, and tested cell cavity. High-pressure pure-water spray is a viable
single-cell niobium cavities at 3-GHz and 805-MHz. This technique for removing particulates from the surface of the
work is being done in preparation for procuring and testing a niobium. We have tested an 805-MHz single-cell cavity that
multicell niobium cavity. The multicell cavity is designed to was initially cleaned in the standard way by a bcp. The cavity
accelerate protons at 0l = 0.9: initial tests will be without was "dirtied" by exposure to room air. Performance of the
beam. Programmatic changes have required us to modify our cavity was restored after high-pressure cleaning. This
plans to install a 6800-liter helium cryostat and a 12.8-g/s equipment is being modified to clean the four-cell cavity.
helium pump. We will use an installed cryostat to test the
multicell cavity. Also, the cavity will be modified from a II. MULTICELL CAVITY
seven-cell to a four-cell structure to match the dimensions of
the installed cryostat. Previous reports concentrated on 3- A cavity structure consisting of seven niobium cavities,
GHz results. In this paper, some of the latest results of the supporting structure, and tuning system has been described in
805-MHz cavity tests are presented. Modifications to allow a previous publication 3. This structure consisted of seven JI =
high pulsed power (HPP) testing on 805-MHz single- and 0.9759 cells. For programmatic reasons, the cell shape was
four-cell cavities are proceeding. Glow discharge cleaning of changed to j3 = 0.9 to match 1200-MeV protons. Also, the
an 805-MHz niobium cavity resulted in a decrease in cavity number of cells in the cavity was reduced from seven to four.
performance. The cavity was restored to previous A four-cell cavity conforms to defined power handling
performance levels with buffered chemical polishing (bcp). constraints of windows/couplers in conceptual designs of
Initial results with high-pressure water cleaning show the some high power proton accelerators. The smaller structure
process is useful in restoring cavity performance. also fits into a cryostat that is presently installed in the SC

laboratory. The new cavity also includes high order mode
I. INTRODUCTION (HOM) couplers mounted on the beam tubes, at each end of

the cavity. Window and variable coupler tests have started in
The primary goal of our SCRF program is development preparation for 100-kW pulsed rf power conditioning tests,

of the technical data base for the design, fabrication, initially with single 805-MHz cells.
handling, and testing of superconducting (SC) cavities that
will apply to eventual fabrication of SCRF proton II1. SINGLE-CELL RESULTS
accelerators.

Information from the cavity development program was A. Summary of cavity testing results
used to design and initiate fabrication of a multicell cavity. Previous reports2 concentrated on the results from 3-
The cavity is to be fabricated by industry to our specifications. GHz single-cell cavities. The emphases of the SC lab work
Programmatic considerations have resulted in the cavity has moved to performance tests of 805-MHz cells. These
having four 0 = 0.9 cells. This cavity will be tested at LANL cells are prepared with the same procedure as the 3-GHz
and used to address technical feasibility questions regarding cells. Primary surface treatment is a nitric acid bath followed
the use of superconducting structures in high-current proton by removal of approximately 70 mm of niobium using a 1,1,1
accelerators. bcp. Two 805-MHz single-cell cavities are available for these

Work reported at the 1991 PAC conferenceI tests. A total of 28 individual cavity tests are displayed in
concentrated on 3-GHz cavities. We have expanded the work figure 1; figure 2 displays the results from eight cavity tests.
to 805-MHz cavities, initial results 2 for the average of the All cavities are removed from the cryostat and reprocessed
peak surface electric fields were 29 MV/n and 23.5 MV/rn at before running another test. Reprocessing typically starts
2 K and 4 K, respectively. We now achieve 35 MV/n (Q of with bcp and proceeds through a "standard"1- 2 treatment
5x10 9) and 30 MV/n (Q of 5x10 8) at 2 K and 4 K, procedure. However, there are some cavities that were only
respectively, wiped clean and rinsed with pure water and/or menthol. The
*Work supported by the Los Alamos National Laboratory statistics are insufficient to resolve differences in the
Institutional Supporting Research, under the auspices of the processing techniques.
United States Department of Energy. The measured Q's as a function of the peak surface
"**University of Minnesota. electric fields are shown in figure 1 and figure 2 for operation

0-7803-1203-1/93$03.00 0 1993 IEEE 1021



at 2 K and 4.2 K, respectively. Some of the tests require an ejected the water in a horizontal direction. The nozzle head
initial conditioning of the cell by gradually increasing rf moved vertically inside the cavity, driven by a motorized
power drive screw at the rate of 5 cm/minute.

At this time, three cavity tests have been done. The
results are shown in figure 3. After exposure to room air,

SINGLE CELL 805 MHz RESULTS the
2 K Operation

HPPW CLEANING RESULTS
a .2 K Operation

10

10

0. 5 .O 0•

0 10' 2

0.1 5,0
0 10 20 30 40 50

,Eeaakk(MY(/)

Figure. 1. Q vs. Peak surface electric field at 2 K. Dotted
lines indicate 95% confidence level.

Figure 3. Q vs peak surface field at 2 K. a) Cavity
performance after exposure to room air (circle), b) Cavity

SINGLE CELL 805 MHz RESULTS performance after first HPPW cleaning (box), c) Cavity
4 K Operation performance after second HPPW cleaning (triangle).

cavity performance was degraded due to heavy electron
10 loading. After cleaning with HPPW, the performance

improved, attaining some of the highest values for all cavity
3 tests.

: *, ....... C. Glow Discharge Cleaning
0 "a . An 805-MHz cavity was cleaned using glow discharge

" °cleaning in Argon. A niobium rod of 1.3-cm diam. was
a inserted axially to serve as the cathode. A niobium disk (7.6

0.10 0 cm dia., 0.9 cm thick) was mounted at the end of the rod and
0p0 30 40 50 positioned in the center of the elliptical cavity. Currents of
Epeak (MV/rn) approximately 300 ma at voltages of 600 volts were

maintained for 8 hours. Visual inspection of the vacuum-seal
Figure 2. Q vs. Peak surface electric field at 4 K. Dotted end plates on the cavity demonstrated that niobium had been
lines indicate 95% confidence level, sputtered from the cavity surface. The initial results, after

glow discharge cleaning, show that the performance was
until the cell "cleans up." The data shown in figures l and 2 reduced by a factor of approximately four (11 MV/m, at a Q
are obtained after the conditioning process. of 0.5x109 ). The cavity was removed from the test system

and vacuum baked at 200 C for 180 hours. After the bake,
B. High Pressure Water Jet the partial pressure of the argon was reduced by a factor of 6.

A high-pressure pure water (HPPW) jet was used to A subsequent test showed that the performance was still
recondition 805-MHz cavities. The cavities for these tests adversely affected ( 10 MV/m, at a Q of 0.5X109). After a
were previously used to obtain the data in figures I and 2. 30-second dip in 1,1,1 bcp the performance improved (18
The HPPW cleaning was performed on a cavity that was MV/m at a Q of 0.5X109). Our calculations indicate that a
exposed to room air, at room temperature. The pressure at dip of this duration will only remove approximately 4 mm of
the jet head was 800 psi; the pump is capable of 2000 psi, niobium. These results are in accord with the idea that the
Cavitation at the pump inlet forced us to adjust the pressure to sputtered niobium was the cause of the degraded performance
the lower value. Duration of the HPPW cleaning was 10 of this cavity.
minutes for these tests. A single nozzle with three holes
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D. Superconducting Magnet to study cavities performance in a cavity and measure the cavity performance with the
a DC field solenoid off. Then measurements of the cavity performance,

Compared to copper cavities, SC cavities can achieve at discrete values of the solenoid field, will be performed.
substantially greater accelerating gradients with negligible These measurements are similar to measurements of Ref. 5
thermal loss in the cavities. A parameter related to the performed with a 50-MHz structure. Other studies will be
accelerating gradient that must also be considered in performed to determine methods for recovery after a cavity
accelerator facility design is the real-estate gradient (total quench in the presence of the DC magnetic field.
potential change/total length of accelerator). Depending on
the facility parameters maximizing the real-estate gradient IV. REFERENCES
can be of major importance. One possible way of doing this
with SC structures is through the use of focusing elements [1] B. Rusnak et al., "Superconducting Cavity Development
that operate at cryogenic temperatures. Such focusing at Los Alamos National Laboratory," Conference Record
elements can eliminate transition to room temperature, and of the 1991 IEEE Particle Accelerator Conference, Vol.
minimize the spacing between cavities. While this has the 2, pp. 1046-1047.
advantage of an increased real-estate gradient, there are [21 B. Rusuak et al., "Evaluation of Surface Contamination
several potential problems: and Cleaning Techniques on Superconducting RF

" how does the proximity of the DC fringe fields Cavities," 1992 Linear Accelerator Conference
from the focusing elements to the iris of the SC Proceedings, Vol. 2, pp. 728-730.
cavities affect the performance of the cavity? [31 D. J. Liska et al., "Design Features of a Seven-Cell

" how difficult is it to recover from a cavity Cavity High-Gradient Superconducting Cavity," 1992
quench? Linear Accelerator Conference Proceedings, Vol. 1, pp.

To study these problems, we have constructed a small 163-165.
(5.7 cm long by 4.9 cm inside diameter) solenoid with [41 Wire used has 54 filaments of NbSn with a copper-to-
superconducting wire 4. This solenoid is about the size of a superconductor ratio of 1.35 to 1, and is 0.035-in
focusing solenoid for an accelerating structure made from the diameter (without insulation). Insulation of formvar was
3-GHz cavities. This solenoid has been tested to a current of added to bring the wire diameter to 0.037 inches.
100 Amperes where the central, on-axis, field was measured [51 R. Benaroya and K. W. Shepard, Rev. Sci. Instruments
to be 2 Tesla. With a 4-Tesla central field, we expect to 59,2100(1988).
generate fields at the cavity iris that approach the critical field
in niobium. Experimentally for the initial test, we plan to cool
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L-band Superconducting Cavities at KEK for TESLA
K. Saito, S. Noguchi, E. Kako, M. Ono, T. Shishido, T. Tajima, M. Matsuoka*, H. Miwa**,

T. Suzuki**and H. Umezawa***

KEK, National Laboratory lor High Energy Physics
Oho, Tsukuba-shi, lbaraki-ken, 305, Japan
*; MHI, Mitsubishi Heavy Industries, Ltd.

Wadasaki, Hyougo-ku, Kobe-shi, Hyogo-ken,652,Japan
**; Nomura Plating Co., Ltd.

Satsuki-cho, Kanuma-shi, Tochigi-ken, 322, Japan
***; Tokyo Denkai Co., Ltd.

Higashisuna, Koto-ku, Tokyo-to, 136, Japan

Abstract field emission. With single cell cavities except one field
gradients were limited to the low field of 8-12 MV/m by field

An attractive future application of superconducting emission. Reason for these field emissions is contamination
cavities is a TeV energy superconducting linear collider during high pressure water rinsing IHPRI. Water pressure of
(TESLA). Large merits of TESLA comparing to normal the HPR system has reduced from 85 to 65 kg/cm 2 in the
conducting linear collider are to loose alignment tolerance and long term operation. Foreign material fragments (50 g.m)
less wake field due to the lower frequency (1.3GHz). The final were detected on a tested niobium sample in a surface analysis
focus also is easy by the large electron/positron population in with EPMA. In addition the field gradient of 20 MV/m
bunches. TESLA demands up-grading field gradients of over without field emission was achieved in C2 as before II when
25 MV/m. KEK has started R&D on 1.3GHz niobium HPR was not conducted after the chemical procedure. These
superconducting cavities since 1990. So far seven single cell facts mean that high pressurized water removed nozzle
cavities and two 9-cell cavities have been fabricated and tested. material and contaminated cavity surface.
Parallel to them, input coupler design and niobium material MI-(II) and M2-(II1) have abnormally large residual surface
study are being conducted. This paper reports the present resistance. One third in 151 nil of MI-(II) can be explained
status of KEK's efforts for TESLA. by the Qo-dropping in 4.2K measurement conducted previous

to 2K one, in which field emission made an additional residual
I. INTRODUCTION surface resistance same as the case of C2-(IV) discussed later.

Probably the remained surface resistance and one of M2-(III)
After the HEACC '92 three single cell cavities and one 9- were due to Qo-disease by hydrogen 121. As M1 (RRR=100)

cell cavity fabricated with MHI were tested. As presented in had many porosities on the equatorial EBW seam, it was
the HEACC'92 [1] the acceleration field in our single cell rewelded from inside and annealed at 1400°C for 4 hours at
cavities is limited to 15-20 MV/m very reproducibly and we CEBAF. Then it was sent back to KEK, electropolished (EP)
are making efforts to understand the limitation mechanism. 80 mim and tested. The cavity would picked up again much
We suspect three issues; 1) multipacting at equatorial section, hydrogen during the heavy EP. Since this cavity was pre-
2) arcs from around input coupler or pick-up probe, 3) defects cooled down with liquid nitrogen and held around 100K for
of electron beam welding at equatorial section. A diagnostic one night as usual, it would have the Qo-disease. On the other
system was built up in order to observe heating sites and hand a CEBAF's high RRR cavity with RRR>250 which was
electron trajectories at the quench. Our cavity test activity
was stopped for four months up to this May due to move 1011
from the TRISTAN assembly hall to a new sc experimental .
building. In this while we made a study of clean surface with Qo
laser dust analyzer. High temperature annealing (14000C) 0..........
became usable for single cell cavities in our existing UHV 1010 -IC2(v)
furnace. Niobium samples were annealed in this furnace and
the RRR values were improved to 400.

Our TESLA activity is jointed to the JLC (Japan Linear M.(l )..., .. .. *9C

Collider) program from this fiscal year. Our one target will - + 9M(Il)
be to test beam quality and reliability of sc operation in the 109
ATF (Accelerator Test Facility at KEK) which is under ......

construction and to be completed in 1995.

II. TEST RESULTS AFTER HEACC '92 1081 ... I i. .M2I , ,
0 5 10 15 20 25

Our cavity test results after the HEACC '92 arc Eacc [MV/in]
summarized in Table I and the Qo-Eacc curves are presented
in Fig. I. The 9-cell cavity as a TESLA prototype was tested Fig. I Qo-Eacc curves with the cavities measured after the
twice and the field gradient was limited to 10-12 MV/m by HEACC '92.
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Table 1. Summary of cavity treatments and test results.

Cavity Surface Treatment Annealing Rres Eacc,max Qo
(nil IMV/ml (Eacc,max)

9M - (I) E.P (80am+ 10.tm), HPR 7600 C, 5 hours 13 9.9 2.Ix 109

-1I() E.PY20atm), HPR no 11 12.0 3.1x10 9

Mt - (II) E.P (80am), HPR 1400 0 C, 4 hours 151 8.1 9.Ox 107

M2 - (II) Tumbling (1001am), 7650 C, 7 hours 29 12.0 1.7x 108

E.P (100tm+30jm), HPR

- (111) C.P (100Iam+5gam) 7600 C, 6 hours 321 7.6 1.5x10 8

C2 - (VI) C.P (351im) no, (1400(°C) 22 20.2 9.Ox109

9M is the 9-cell cavity ; MI, M2 and C2 cavities are the I-cell cavities.]

annealed at 1400 0 C for 4 hours dose not show the Qo-diseasc seed makes the heating spot but we do not yet understand
any more even after heavily electropolished (1201am) [31. A what mechanism makes such a seed which limits the field
discrepancy in these facts might be in a difference of the gradient at 20 MV/m.
material. M2-(III) was chemically polished (CP) by an Another interesting phenomenon was observed in the
unusual chemical procedure in which we cooled the cavity measurement of M2-(Il1) (see Fig.3). During RF-processing at
outer surface at 20 0 C with water during the CP and that the maximum field of the field emission region, Qo-value
resulted in a long CP time (40 minutes for 100 gim removal), degraded Ix 108 to 2x 107 and Eacc dropped 7 to 2 MV/m
then annealed at 7600 C for 6 hours and chemically polished suddenly (we refer it as intermediate state). This state was
by 5 gim, then tested with usual cooldown procedure. stable but if RF-power was reduced and the dissipated power
Probably the cavity picked up more hydrogen during the loss became small, it changed to the previous field emission
unusual CP and our annealing process was poor to degas the state. This phenomenon is very reproducible. Fig. 3 shows
hydrogen. the heating maps in the intermediate state. It is estimated that

a large area(at least 650 mm 2 , 29mmO) of inner wall is
III. PROGRESS IN EQUIPMENTS normal conducting state. The site of this macro local heating

was not fixed and changed three times from the equatorial
We have prepared some tools to understand and improve our section to the lower straight section of the cavity. The

field limitation. Several results from them are described here. stationary field emitted electron's bombardments may be a
A. Diagnostic System trigger of this phenomena.

A temperature mapping system was built up to observe . [4~~ 2\I .22'•.;''

what happen in our cavity quench. The same data acquisition . i 20.,,
system in the reference [4] was used but thermometers are Q,
different. An Allen-Bradley's 51 Q carbon resistor is 1U, .
surrounded with Stycast and stuck an aluminum nail (2mmO) " pper Iris

on the behind to thread a spring and to be supported by G-l0 4____"_"_

base plate. This sensor is forced on the cavity outer wall by - ..... "
the spring action. GE-varnish is coated to get a good thermal 1,. .
contact between the sensor and the cavity wall. Thermal , ,
sensitivity of the sensor is 5 mK. Apart 10 degree each, 19 .................
sensors are distributed on one meridian at about one •, . , ',-. ,
centimeter interval. Totally 684 sensors are fixed on the ,m T , .
cavity wall.

This system was used first in the test C2-(VI) and
temperature rise in the quench at 20 MV/m was observed (see ,, __/

Fig. 2). No temperature rise was detected before the quench
(Eacc=20.5 MV/m) within present sensitivity as seen in Fig. -"

A. However, after the quenching one local heating site.
appeared on the lower iris and the second spot came out on the ..............................

same iris by the successive RF-processing (Fig.2 B,C). These .rigu,. P,,,i,,, d,,

heating sites were localized on the iris. The temperature Fig. 2 Heating sites after the 20MV/m quench.
rising can be fitted by the F-N plot and Qo-dropping also is C2 had quenched finally at 20.5MV/m same as beforc 11.
explicable by field emission, however, any clear field Qo degraded by the successive RF processing after the quench.
emission trajectories are not observed in the temperature The indexes of AB,C in the heat mappings are corresponding
mappings. Maybe our thermosensor's sensitivity has to be with ones in the Qo-Eacc curve.
improved more. Probably field emitted electrons from some
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, :distribution and the number on the silicon wafer which was
finally rinsed with ultra-pure water in a hot bath 171. The

"Q, , dusts of 0.2-3i.m were analyzed. Micro particles (> l4m) over
":4,," , particle control is poor even ultra-pure water is used. Tools

* on huadaermiigo tewfr tsosordswhich transfer an energy and remove actively dust particles

level on the surface have to be developed. One method is HPR.
,I~t•ll _ ""---- Our HPR system had a contamination problem as mentioned

lie. . .. above but CEBAF confirmed recently that it is a very
,, ',,,,,, ,,.. ,powerful tool against field emission with niobium bulk

6-- IBM cavities [31. A maximum surface electric field over 50MV/m
(Eacc>28MV/m) was achieved without any field emission.
We are considering a megasonic agitation rinsing as another
"method to remove submicron particles. Fig. 4 (right) shows a
result rinsed with such an agitator (950 KHz). No particle
larger than 0.64im is detected and totally only 8 particles of
0. 19-0.64.m are seen.

0 ................................. IV. DEVELOPMENT OF INPUT COUPLER

Fig. 3 Temperature rise in the intermediate state. We are considering wave guide input couplers for TESLA

B. High Temperature UHV Annealing cavities from the TRISTAN operational experience. As the
It is well known that high temperature UHV annealing is a first test we have measured the Qext of such a coupler using a

very effective tool on high field gradient of sc cavities [5]. We cooper single cell cavity. Enough coupling to lx10 5 was
can expected three effects in this treatment, 1) upgrading confirmed if the distance between the iris of the cavity and the
thermal conductivity in niobium material, 2) reduction of edge of the coupler was less than about 55 mm. We have a
inhomogeneity which weakens magnetic property in the plan to make a single cell niobium cavity with a wave guide
superconducting state, 3) a perfect solution of Qo-disease by coupler. In this fabrication forming method of the coupler and
hydrogen. We have used a 700-7600 C UHV annealing for its influence on the fundamental field distribution and so on
hydrogen out gassing and a higher temperature annealing will be studied.
furnace became usable recently. We made a sample test using
this furnace. Samples with initial RRR value of 54, 117, V. ACKNOWLEDGMENTS
15•, 213 and 246 were annealed at 1350 0 C for 6 hours
combined with titanium gettering and improved to 273, 308, The authors would like to Profs. Kimura, Takata and
351, 383 and 394 with the RRR value, respectively. After Kurokawa for their continuing supports and encouragements
this testing, a single cell cavity (M2) was annealed at 1400 0 C for our study. We would also like to thank Dr.K.Hosoyama
for 6 hours with this furnace. and Mr.Y.Kojima for cooperation in liquid helium supplying
C. Dust Analysis to our cavity cold tests. We are deeply indebted to

Residual micro dust particles on a cavity inner surface Mr.K.Kurosawa in Sony Technology Center in Atugi for his
have a large influence on field emission. Field emission is the help for our dust analysis.
today's most serious problem not in high field sc cavities but
also high field copper cavities as JLC. We have just started a VI. REFERENCES
study on the ultra-clean surface. We analyzed dust particles in
the TRISTAN sc cavity's surface treatment procedure using a [11 E.Kako et. al., "Development of High Gradient L-band
laser scattering dust analyzer in cooperation from an Superconducting Cavities" Proc. of the HEACC'92
semiconductor industry. We simulated the rinsing procedure Conference, P.966.
using silicon wafers (90mm0 ). This is the same way in the [2] K.Saito and P.Kneisel, "Q-Degradation in High Purity
reference [6]. Fig.4 shows the residual dust particle's Niobium Cavities-Dependence on Temperature and RRR-

Value" Proc. of the 3rd EPAC conference, 1992
"- ......... [3] P.Kneisel; private communication.

/ " [4] T.Tajima et. al.;"Temperature Mapping System Developed
. .' at KEK for Field Emission Studies on SuperconductingI, Cavities", ibid. ref.1 J, P.751

: vs :,:- ' i[5] H.Padamsee et. al., "New Results on RF and DC Field
i - ,', Emission", Proc. of the 4th Workshop on RF

Superconductivity, 1989 at KEK, P.207.
, * [6] C.Z.Antoine et.al., "Dust Contamination during Chemical

"-.- .Treatment of RF Cavities:Symptoms and Cures" Proc. of the
5th Workshop on RF Superconductivity, 1991 at DESY,

Fig. 4 Dust analysis with our chemical process. P.456.
The left is a result of the silicon wafer rinsed with our full [7] K.Saito et.al.,"R&D of Superconducting Cavities at

rinsing procedure. The right is one rinsed with a megasonic KEK", ibid. rcf.[5a, P.635.
agitator (950KHz).
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Design of a HOM Damped Cavity for the ATF Damping Ring

S. Sakanaka, K. Kubo and T. Higo
National Laboratory for High Energy Physics (KEK)

1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305 Japan

Abstract (z<O) side, parallel to vertical (y) axis. In this configuration,
each of degenerated dipole modes, together with monopole

A HOM (Higher-Order-Mode) damped cavity for the ATF ec fdgnrtddpl oetgte ihmnpl
DampHOM (ingher-Oder-Moede dt Dampeity borthe ATF modes, will be damped, while holding 1800 rotational sym-

Dampuidang Ring igbeamholes was damoping. bothricl b metry of the shape. The cooling for this shape may be easier
waveguides and by big beam holes was adopted. Numerical than that for PEP-II because of more spaces between the

calculations on external-Q's of low-frequency HOMs showed wae the otatona symmes lower.

good damping characteristics. Low-power measurements are Even ith the mg by wavio esyit is ltwto
unde wa wit a old-ode cavty.Even with the damping by waveguides, it is difficult to

under way with a cold-model cavity, damp all HOMs up to the beam-pipe cutoff because too many

I. INTRODUCTION modes exist. Thus, an additional beam-hole damping scheme
[4,5] was introduced, in which the power from high-frequencyA 1.54 GeV Damping Ring (DR) [1] is being constructed H~ rpgtsoto h aiyvabgba-oe ~O

at an t tHOMs propagates out of the cavity via big beam-holes (0100at KK a anacceeraor ubsstemof TF Acceeraor estmm) and is dissipated in microwave absorbers attached on big
Facility). This facility is purposed to investigate the feasi- beam-pis besidete cavi Tbsobeam he rad is

bility of providing highly-brilliant electron beams of multi- beam-pipes beside the cavity. The beam-dole radius was

bunches which is required for future linear collider project. waveguides well are extracted, while holding the fundamental

The ATF DR will be operated with beam currents up to 600

mA with multibunches. •,i, fm •, dm.

A frequency of 714 MHz, a subharmonic of the injector P,, ,W ,o,,,,,•,
linac frequency, was chosen for rf acceleration, considering '",,/•ofa

beam dynamic issues related to wake fields of the fundamental
mode [2]. The need for short bunches (az<5 mm) requires a 30

gap voltage of 1 MV, which will be provided by four single- 14

cell copper cavities. Because the ATF DR adopts very narrow
beam pipes (026 mm in arc sections), there exist many HOMs
in the rf cavities up to the cutoff frequencies (8.83 and 6.76 _

GHz for TM01- and TEll- modes, respectively). Therefore, the
requirement to store a large beam current free from coupled-
bunch instabilities forces one to design the cavities whose
longitudinal and transverse coupling impedances arising from tm Dim

HOMs are sufficiently reduced. >
The requirements for the HOMs are derived from tracking

simulations [2], and are summarized below: i•" P'l nil
{Illmied off I

(Rsh/Q)'Qf < 10-30 [kW2.GlIz/ringJ for monopole modes,
(RT/Q).Q < 2-3 [Mgi2/mIring] for dipole modes*, Fig. 1. Cross-section of a low-power test cavity.

* assumed that a bunch-to-bunch tune spread of 10-3 (peak-
to-peak) will be introduced in each bunch-train.

where Rsh is the shunt impedance (=V 2 /p),f the resonant
frequency and RT the transverse impedance. For TM011-like
mode, which has particularly large Rsh/Q, a severer condition
of Q<(15-20) may be required.

II. CAVITY DESIGN
Among several schemes for HOM damping , we adopted a

waveguide damping scheme similar to that proposed for PEP-
II [3]. A cylindrical cavity, with round corners (R=30 mm) and
nose cones, was chosen for the basic shape (see Figs. 1 and 2).
For damping HOMs, four waveguides (170mmx2Omm. R=5
mm at comers; cutoff freq. is 885 MHz) are attached at the,,
corners, where magnetic fields of most HOMs are large. Two
of the waveguides are attached to one (z>0) side of the cavity,
parallel to horizontal (x) axis, while the other two to the other

Fig. 2. Low-power test cavity under measurement.

0-7803-1203-1/93$03.00 0 1993 IEEE
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Table 1. RF related parameters of the ATF DR. Y
rf frequency frf 714 MHz

Shunt impedance per cavity Rsh 3.6 M!2
Unloaded-Q QO 22,100
Dissipated power per cavity P, 17.4 kW
Total gap voltage per ring Vc 1 MV
Radiation loss per turn UO 0.190 MeV
Maximum beam current ('0)max 600 mA
Transmission power per coupler Pgj 45.9 kW

Coupling coefficient of coupler 8 2.6 ____

shunt impedance acceptable. Principal parameters of the
cavity were calculated with such codes as SUPERFISH and
MAFIA, and are shown in Table 1. The Qo-value in the table
includes the degradation of -23% (calculated) arising from
attaching the waveguides and further of -20% (assumed) from
other causes. Fig. 3. Cavity shape used for the MAFIA calculations.

III. CALCULATIONS OF HOM DAMPING .
External-Q's of low-frequency HOMs were calculated with -2 2...... ......... ............ -

the method developed by Slater, Gluckstern , Kageyama,
Kroll, Yu et al. [6-101. The resonant frequencies of the -4...
lossless cavity-waveguide coupled structure were calculated 2.
with MAFIA 3D code, with waveguides shorted at different I ..i .. ..... .....

lengths. Figure 3 shows the cavity shape used for the calcu-
lations. Only 1/8 of the cavity was modeled to save the -. •.............. ......
number of mrsh-points, though the actual cavity is not sym- -10 . . . ,. . .,, ,,.. i^.

metrical at : .0 plane. Then, the phase 0 (=2 YrL/)2g- nir) were 0.8 1.2 1.6 2 2.4 2.8
plotted against the frequencies, where L is the distance of a Frequency (GHz)
short from the cavity center, )g the guide wavelength and n
the branch number. Near resonances, 0 can be represented by Fig. 4. Phase-frequency plot for MME-boundary condition.
the following relations [10]: Table 2 also shows the results for other boundary

0(= ) arctan ( ) - X(0o), conditions. For harmful HOMs below the beam-hole cutoff,X(w) = O + (o -', the calculated Qex'S seem to be acceptable for the rcquiremenL
where ui+jvi represents the complex resonant frequency of i-th These results are to be checked by calculations with a 1/4mode and ui/2vi gives the external-Q (Q fe). model, correctly taking the cavity symmetry into account.

Figure 4 shows an example of the phase-frequency plot IV. MEASUREMENT WITH A TEST CAVITY
obtained from six MAFIA runs for a MME-boundary condition A low-power test cavity (Figs. 1 and 2) was made by as-
(i.e. Magnetic-, Magnetic- and Electric- short conditions on x=O,
y=O and z=O planes, resp.). As the range 1.45-2.05 GHz con- bling The pieces machined fr aluminum alo tAners
tains four overlapped-resonances, the data in this range were fit blocks. The cavity has four ports for test- couplers and tuners
with ten parameters (ui, vi, i=1-4, and X0, x). The resonant (blancked-off with plugs at present) and seven! een probe ports,

frequencies and Qex'S obtained are summarized in Table 2. By together with damping waveguides and beam pipes.
Firstly, we observed undamped resonance-spectrum byinspecting field plots of the above resonances, it was found shorting waveguide-slots. Figure 5(a) shows the transmission

that these could be the mixed modes of the original (no prmtrs 1 btentoatna u tbt n-lts
waveguides) modes. It is worth noticing that this "mode parameter e 21 between two antennas put at both end-plates,

mixing" phenomenon sometimes limits the performance of dampieg w ith 80- terminaloads were
the waveguide damping. Let us show an example in our early damping waveguides with 80-cm-long terminating loads were

the aveuid daping Le ussho anexamle n or erly attached to the cavity. As shown in Fig. 5(b), most reso-
design of the cavity. The frequency separation between

TMOI2- and TM210- like modes was only 13 MHz without nances in the measured range were heavily damped to QL<I00,

waveguides. When the waveguides were attached, these modes except for the fundamental (TMOIO) mode and for the mode

mixed and split into two modes, one has a very large Qex appeared at 0.89 GHz. TM01 -like mode is not Jiscernible,
xand the loaded-Q's (QL) for TM1I10- and TM111 I- like modes

(=1600) while the other a small (Qex=17 ), both having an an e _5add-20, r T heI ea an T .89 lik moe
Rsh/Q of a few ohms. This was caused by a large pertur- -2 and -20, respe Th e peak nat 08 thQ
bation introduced by the waveguides. In our present design, -2 40) is, possibly, a damped TEy1od-ike resonance in the
this problem has been removed by making the frequency waveguide coupled to some cavity modes (TEl1 or TM 1),hiseparatioblagem has b mo vedibyfmaking the frequ. which arises from the poor termination of the loads slightly
separation large via modifying the cavity shape.
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Table 2. Result of the calculations on HOM damping by 164mmx20mm rectangular waveguides (fc= 9 14 MHz). A 1/8 part of the
cavity was modeled. Note that the waveguide dimensions are slightly different from those of the final design.

Boundary No waveguides (MAFIA) With four waveguides (MAFIA/KroU-Yu)
condition Mode f(MHz) Oo Rsh/O or RP/O (Mode) f(MHz) Oex* Rsh/O or RrIO**
MME MME-l (TM010) 724.7 34,500 168.6 Q (TM010) 709.3 below cutoff 168.0 Q

MME-2 (TM210) 1591 59,400 (mixed mode) 1605 40 - 0.2
MME-3 (TMO12) 1682 35.700 10.7 (mixed mode) 1693 48 - 8.3
MME-4 (TM020) 1747 63,000 0.21 (mixed mode) 1754 29 -0.5
MME-5 (TE2xx) 1803 44,100 (mixed mode) 1791 37 -0.5

MMM MMM-1(TM011) 1044 28,000 62.5 (-TMO11) 1075 7.1 -37
MMM-2(TE211) 1217 39,400 (-TE211) 1215 21 -0.1
MMM-3(TM211) 1787 43,700 (TE411+TM211) 1800 -870 - 0.02
MMM-4(TE411) 1804 39,800 (TM211+TE411) 1808 18 - 0.7
MMM-5(TMO21) 1959 38,500 6.6 (-TM021) 1952 27 - 5

MEE MEE-1 (TM1I0) 1152 45,400 263 ./rm (-TMI10) 1160 24 - 190 ./rm
MEE-2 (TE112) 1600 45,900 17 (-TEl 12) 1605 100 - 20

MEM MEM-l (TEl1) 953.6 38,700 2.0 (TE111) 896.6 below cutoff 9.6
MEM-2 (TMI1l) 1349 33,900 726 (-TMll1) 1363 24 -490
MEM-3 (TE311) 1502 40.300 (TE31I+TM111) 1500 115 -50

* For dipole modes, two times the calculated results are shown by taking the proper symmetry of the cavity into account.
* Note that non-zero Rsh/Q or RT/Q can be introduced to (originally) higher-multipole (mr>l) modes due to the mode mixing. Rsh/Q

or RT/Q, which are evaluated at the detuned waveguide length for each resonance, are shown in this column as a measure of the mode
mixing. But in some cases, they may be different from those of individual resonances due to mode-overlapping.

A A

H H-

A -V

(a) Without waveguides. (b) With waveguides and terminating-loads.
Fig. 5. Resonance spectrum of the test cavity. Abscissa: frequency, 0.5-1.75 GHz. Ordinate: transmission parameter S21,

10 dB/division, reference value (center line) -60 dB.

above the guide cutoff. As this mode may be contaminated by V. REFERENCES
TM01 1-like mode, further efforts are needed to measure its [11 J. Urakawa et al., Proc. of XVth International Conference on
Rsh/Q. High Energy Accelerators, Hamburg, 1992, Vol. I, p. 124.

Work is continuing to check the performance of the [21 K. Kubo, KEK Proceedings 92-6, pp. 155-165 (edited by
J. Urakawa and M. Yoshioka).

designed cavity both experimentally and computationally. [3] R. Rimmer et al., Conference record of the 1991 IEEE Particle
Especially, study on the beam-hole damping of high-frequency Accelerator Conference, Vol. 2, pp. 819-821.
modes should be performed. As the next step, cooling design [41 T. Weiland, DESY 83-073.
has to be made towards the high-power test cavity. Develop- [51 H. Padamsee et al., Conference record of the 1991 IEEE Parti-

cle Accelerator Conference. Vol. 2, pp. 786-788.ments on input couplers, tuners and in-vacuum waveguide [61 J.C. Slater, Microwave Electronics, D.Van Nostrand, 1950.
loads are also needed. [7] R.L. Gluckstern and R. Li, 1988 Linear Accelerator Confer-

ence Proceedings, 1988, pp. 356-358.
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MEASUREMENT OF MICROWAVE PROPERTIES OF X-BAND
ACCELERATING STRUCTURE UNDER PULSED HIGH-POWER

OPERATION AT LIQUID NITROGEN TEMPERATURE

A.l Saeniy and LS. Skhecdn
Mww o wyin ~g11~ic ntt

31 KahirARoeaRd, Mascow, 115409 RUSSIA

Abstract RF SURFACE RESISTANCE OF COPPER
After required chemical treatments a disk-loading structu- AT LOW TEMPERATURE

re was operated at liquid nitrogen temperature with X-band mag-
netron as an RF source. The peak RF pulse power was variable For RF currents, the surface resistance decreases first as
from 150 to 300 kW and the average power was altered by (6 - conductivity of metal) by lowering the temperature until
changing the pulse repetition rate between 1400 and 2800 pps. a certain limit and at relatively low frequencies. But at very low
Measurements on this structure both at low and at high power aeceratures and very low frequencies, Bft atudeindicated the Q factor of 6800 at room temperature, which temperatures and very high frequencies, RF field amplitude
increased to 17000 at liquid nitrogen temperature - an enhan- changes rapidly in space along an electron mean free path I, andinc ttreaser to17000ath 2,iqu good nitogrenemperature wih anhe , during the time t between twc successive collisions. For both
cement factor greater then 2,S in good agreement with theory. reasons Ohm's low can no longer b2. applied.

The surface resistance of normal metals in anomalous skin
effect domain can be obtained by using the Dingle's expressions.

INTRODUCTION This fomulas can be used at all temperatures and microwave
frequencies, considering both specular and diffuse electron

There are several app'ied applications of linear accelera- reflection at the metal surface, but neglecting relaxation. At
tors where the space available for thfr accelerating structure and frequencies less than 35 GHz, the influence of relaxation effect on
the RF source is limited, or where tfiere is a limitation on the RF ItR may be neglected [11].
power available. The efficiency of guide structure made of The temperature dependence of copper enhancement factor
conventional materials can be increased by reducing its K.L(T) = R(293 K)/Rs(T) can be seen on figure 1. The frequency
operating temperature and increasing its operating frequency. dependence of KY can be seen on figure 2. The curves were

The advantages of superconducting materials application obtained bycomputation of Dingle formulas [4l (for specular and
in particle accelerators have been limited by the cost of construc- diffuse electron reflection) at 9,35 GHz (fig.1) and at 77 K (fig.2).
ting and operating the refrigerating systems necessary to maintain The experimental points of K. (fig.2) for different kinds of cavity
the low temperature required. In addition, at temperatures very
close to the critical temperature T., the surface resistance of
superconductors would strongly depend on temperature T, which Ki
results in variation of the linac characteristics due to the
fluctuations or drifts of the cryogenic refrigerator temperature. 6
On the contrary, the surface resistance of all normal metals is
nearly independent of tamperature in the anomalous skin-effect
domain.

In the past, the microwave surface resistivity of copper and
aluminium was carefully measured both at room and liquid nitro-
gen, hydrogen and helium temperatures [1, 21. Using appropriate 4
surface treatment technology, the theoretical value of surface
resistance was experimentally obtained at low power and
cryogenic temperatures in microwave structures of complicated 3
shape. However, the Q-factor of S-band accelerating structures
at liquid nitrogen temperature decreases with peak RF power [3].

In order to evaluate the advantages and problems 2
associated with a system operating at liquid nitrogen tempera-
ture, an investigation was undertaken with the following
objectives: first, to establish the feasibility of operating an accele-
rator structure at 77 K, and, second, to determinewhat advantages 100 200 T, K
might be realized with respect to size or power input reauire-
ments. We report here experimental results which show the Fig. 1. Temperature dependence of enhancement factor Ki
increasing of 0-factor by cooling X-band accelerator cavity for OFHC copper at 9.35 GHz.
working at 9,35 GHz from T = 293 K to T = 77 K, these result specular reflection
being compared to the theoretical value. diffuse reflection

0-7803-1203-1/93$03.00 0 1993 IEEE 1030



surface treatments shows, that for the enhancement factor value At low power the unloaded quality factor Q6 was obtained
at low temperatures in good agreement with theary to be obtained by an impedance measurement method both at room andnitrogen
chemical (or electrochemical) polishing and finally annealing temperatures. It is known, that the external quality factor Q,
in hydrogen atmosphere must be used. The best results were depends only on the coupling; it remains constant if the coupling
achieved by using copper single crystals [1] or OFHC copper with is not modified. At low temperatures and high power unloaded
1% of yttrium IS). According to this results the enhancement quality factor Qo(T) can be obtained by measuring the input
factor of 2,8 can be obtained at nitrogen temperature and X-band VSWR [3]. In practice, it is, however rather difficult to measure
frequences. this value with error required when there are reflections in

supporting waveguid.
KR Unloaded quality factor at low temperature can be obtained

3,0 from the relation:

----. OT Q,(T0)
tQ(T) 1 - Qo(To) [Q W(To) - ,-(T)]

2,5 _where QO(To), Q1(To) are unloaded and loaded quality factor res-
pectively at temperature To (To = 293 K for this case); Q,(T),

, Q1(T) - the same parameters at nitrogen temperature. At high
0 power Q%(T) can be obtaind by a decrement measurement

0 -method.

2,0
0 Frequency Oscil-

counter lograph
0

10 20 30 f, GHz Absorbing

Fig. 2. Frequency depedence of enhancement factor KRt F load
for OFHC copper at 77KX RF-source Ferriting ]

1) computed
specular refection

- - - sliffiuse reflction
2) uperimental

0 - before chemical treatment
* - after chemical treatment
d - after electrochemicaltreatment Vacuum t
0 - after annealing in hidrogen PUMP

Q-FACTOR MEASUREMENT METHOD, Cryost't

EXPERIMENTAL SET UP AND RESULTS L - -- _J

For high-power tests a 12-cell disk-loadingcavity was const- Fi. 3. Elctron set upfor high powr operation.

ructed. The length was chosen L = 4 .1 g at 9,35 GHz. This cavity Table 1.
was operated in standing wave of 2Xf/3 mode. It was fitted with Calculated and experimental resonator parameters
standard 28,5"12,6 mm2 rectangular waveguide input, which
includes a section made out of thin walled stainless steel to Paramers T=293 K Tff77K
minimize the thermal losses. Dispite the relatively poor conduc-
tivity of stainless steel, the insertion losses are less than 0,5 dB Calculated Parameters
in this section. A cavity was made out of oxygen-free high- Stored Energy per Cavity for 1MV/m, J 4,2010s 4,2010s
conductivity copperwith a purity of 99.99%. A chemical polishing Power Los per Cavity for 1 MV/m, W 316 113
in a 1/3 H310 4 " 1/3 HN0 3 * 1/3 CH3COOH during a few Unloaded Q-Factor 7850 22000
minutes at a room temperature is sufficient for obtaining mirror Shunt Impedance, MOh/m 57 160
like surfaces. EV/E 0  1,52 1,52

The cavity was cooled down in a cryostat filled up with liquid eimermutal rsults77 K Resonant Frequency, MHz 9379,8 9348,0
nitrogen, theworkingtemperature being 7K. The cavitywith its Unloaded Q-Factor 6800 17000
supporting waveguide was pumped down to a low pressure (less Coupling Factor 0,62 1,53
than 10" Pa) to avoid gas condensation on the walls during the Enhancement Factor - 2,5
cooling process.
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Fig. 4. Oscillogram of RF pulse reflected from the cavity at Fig. 5. Oscillogram of RF pulse reflected from the cavity at
T=293 K. Scale - 100 ns/cm. T= 77K. Scale - 200 ns/cm.

The electron set-up for high power operation is shown in chemical polishing) at nitrogen temperature was equal 2,5 both at
figure 3. The peak RF pulse power from the X-band magnetron low and at high power.
was variable from 150 to 300 kW by changing the anode voltage. No decreasing of the 0-factor at T = 77 K was observed at
The average power was altered by varying the pulse repetition rate high power. The maximum accelerating field was approximately
between 1400 and 2800 pps. The RF pulse width was equal to equal 50 MV/m.
0,5,ais. The tests were carried out on.Tf/2 and 23/ 3 mode. The
frequency was measured by electronic frequency counter. REFERENCES

Calculated and experimental results are shown in table 1. In
figure 4 and figure S the oscillograms of rf pulse reflected from [1] Benard J., Minyawi N.H., Viet N.T. Reduction of RF losses at
the cavity at resonant frequency are shown at T= 293 K (fig.4) and 35 GHz in high purity copper resonant cavities by coling to
T= 77 K (fig.S). At low and at high power as well the same value cryogenic temperature. - Revue de Phys. Appl. V.13, 1978,
of unloaded quality factor was obtained.The accelerating field for 10, 483.
300 kW at T = 77 K is equal about 50 MV/m. [21 Biqvard F., Septies R. Amelioration de la conductivite superfi-

cielle du cuivre et de l'aluminimum en hyperfrequences, par
CONCLUSION abaissement de temperature. - Nuclear Instruments and

Methods, 1966, 44, 18.
The anomalous skin effect should be taken into account for [3] McEuen A.H., Lui P., Tanabe E., Vaguine V. High-power

computation the surface rasistance of an X-band cavity at nitrogen operation of acceleration structure at liquid nitrogen tempe-
temperature. rature.- IEEE Trans. on NS, Vol NS-32, N 5, 2972.

Using appropriate surface treatment techinques to the cavi- [41 Dingle R.B. The anomalous skin effect and the reflecti-
ty fabricated out of OFHC copper, the theoretical value of Q-fac- vity of metal. - Physics, 1953, XIX, 4, p. 311.
tor can be obtained at cryogenic temperature. [5] Private communication with V. A. Kutovoy of Kharkov Inst.,

The enhancement factor of X-band accelerator cavity (after 1991, Kharkov, Ukraine.
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RF Systems Engineering for the SSC Collider Rings

G. Schaffer, P. D. Coleman, R. E. Mustaine, J. D. Wallace, X. Q. Wang, Y. Zhao, J. D. Rogers
Superconducting Supercollider Laboratory*

2550 Beckleymeade Ave., Dallas, TX 75237 USA

Abstract II. REDUNDANCY IN THE RF POWER SYSTEM

Acceleration and storage of 70-mA proton beams in the The baseline design suggests the use of two 1.1-MW klys-
2 x 20 TeV Supercollider rings can be performed both with tron amplifiers per ring to cover the rf power required for eight
normalconducting as well as superconducting 360-MHz rf 5-cell cavities (i.e., 40 cells) in each ring. This amount of rf
systems. A normalconducting accelerating structure would use power would also be sufficient for 32 normalconducting single
32 or 24 single-cell cavities per ring, operating with a mean cells per ring, and there is no concern about the reliability and
gradient of 2 - 2.6 MV/m to generate the required peak voltage lifetime of 1.1-MW klystrons as they are used in great num-
of 20 MV in the beam holding mode. Superconducting cavi- bers at CERN for LEP I (their average life is reported to be
ties would allow operation with mean gradients up to about 17000 hrs so far [7]). However, any failure in a cavity group
5 MV/m, and tolerate higher transient beam loading due to of a nature which would enforce an interrupt would inevitably
nearly tenfold larger stored energy in the accelerating structure. lead to a loss of the stored beam. It would therefore seem to be
A superconducting structure could consist of five pairs of an advantage for the collider operation if the number of rf
single-cell resonators per ring, each pair being fed by a 250- power units would at least be doubled. In this case the use of
kW cw klystron amplifier. The use of 500-kW or 250-kW klystrons similar to the PEP design [8] could be considered.
klystron amplifiers, six or eight per ring, would seem appro- A further reduction of the number of single cells per ring to
priate for feeding normalconducting structures. Provisions for 24 would lead to a 6 x 500-kW layout of the rf power part
feedforward and feedback (if amplitude and phase) are included whereby each klystron amplifier feeds 4 cavities. We show a
in the low-level rf system. Furthermore, active damping of corresponding diagram in Fig. 1. The system may include one
undesired modes and corrections of bunch phase deviations are or two spare amplifier units which can be switched into any
planned by means of auxiliary (broadband) rf systems. other channel via a series of 13 waveguide switches.

1. INTRODUCTION lll. KLYSTRON GALLERY LOCATION AND LAYOUT

The SSC collider rings have to raise the energy of the injec- The preferred location of the klystron gallery is on ground
ted beams from 2 to 20 TeV, maintain the tight bunching du- level. This facilitates swift access for maintenance work, and
ring collisions, and compensate for synchrotron radiation los- reduces overall cost for rf buildings and cooling plants. The rf
ses (of the order of 0.12 MeV/turn). The bunch spacing is equipment would occupy a ground floor for the klystrons, HV
chosen to be 5 m, leading to a bunch frequency of 60 MHz. rectifiers, and local controls, and a basement for waveguides
For the collider rings, 360 MHz has been chosen as the most (WR 2300), circulators, power splitters, dummy loads, and
convenient rf frequency [ 1,2,3]. cooling water distribution.

The beam acceleration in the rings takes nearly 25 minutes, A possible layout of the ground floor is shown in Fig. 2.
requiring about 3.6 MeV energy gain per turn. The if power An annex may be added to this floor and used for any cavity
transmitted to each of the 70 mA beams will be about 267 testing and improvement work while the collider is operating.
kW, the peak rf voltage at injection is 6.6 MV, bucket area The standby klystron(s) could be used for this purpose.
approximately 3.3 eV-s. The particles circulate with a frequen- The distance between ground level and beam paths is ap-
cy of 3.44 kHz on the 87120 m long machine circuference. proximately 58 m. Straight waveguide runs in 2-m shafts

In the storage mode the rf peak voltage has to be raised to from the basement to the beam tunnel sidewall, followed by
20 MV, corresponding to a bucket area of about 18.3 eV-s. rainbow-shaped shielded entrance arcs to an enlarged portion of
The rms bunch length is kept to 6 cm. Each of the 70-mA the beam tunnel would transport the rf power down to the
beams requires about 1.4 MVA reactive rf power, and 8.8 kW power splitters and cavities in the tunnel as shown in Fig.3.
real power for covering the synchrotron radiation losses. The lengths of the waveguide runs add to the group delay

Instead of using 5-cell cavities as proposed in the baseline which limits the maximum loop gain in the case of fast feed-
design, single-cell cavities will be used for beam acceleration. back. The analysis shows that the total group delay is still
The reason for this change is easier damping of undesired reso- acceptable [9].
nant modes as outlined in references [2] and [3].

In the following, we describe some details of technical solu- IV. KLYSTRONS
tions which are based on either using normalconducting or su-
perconducting cavities. Both options appear feasible and have High-power CW klystron amplifiers for frequencies near
their specific merits. Using superconducting cavities is more 360 MHz have been produced by commercial manufacturers
complex but attractive for handling transient beam loading and by SLAC. The power levels range from 125 kW (SPEAR
[3,4,5]. Preliminary results of cost studies indicate lower costs 11, 1975) to 500 kW (PEP, 1980-) [8], to 1.1 MW (LEP I,
for a system based on superconducting cavities [6]. 1989-) and 1.3 MW (LEP II, to be operational end of 1994).

*This work supported by U. S. Department of Energy under contract No. DE-AC35-89-ER40486.
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VI. POWER COUPLERS AND HOM DAMPERS The cavity geometry will be similar to the LHC cavity un-
der development at CERN [4]. The low R/Q value which is

Adjustable loop (or antenna-) couplers with waveguide-to- about 40 ohms versus 150 ohms for copper cavities, in com-
coax transitions and cylindrical alumina vacuum windows will bination with a 2.4-fold increase in cavity voltage, reduces the
be used for feeding power into normal- (or super-)conducting speed of phase excursions due to transient reactive beam loa-
cavities. Power handling limit is estimated to be 200 kW [5]. ding by a factor 9. Higher loop gain is applicable for fast

At least two HOM couplers per cavity will be added, similar controls [4,9]. Furthermore, the cavity can supply reactive
in design to the types used for CERN-LEP [12]. power to the beam in half-detuned operation. With a practical

margin for linear klystron characteristics, the nominal klys-
VII. SUPERCONDUCTING SINGLE CELL CAVITIES tron output power for a pair of cavities should be about 250

kW.
The application of superconducting cavities has been discus- Critical issues for superconducting cavities are the "relative

sed in various notes, reports and committees, see for instance delicacy of the superconductive state, sensitivity to contami-
ref. [2, 3, 5, 9]. Transient beam loading of the collider rf cavi- nation, assembly complexity, complexity of cooling system,
ties during filling, acceleration and storage of beams is the thermal isolation, vibration sensitivity. These properties have
main reason to consider cavities capable of operating at much made themselves felt but are being overcome" (statement by
higher voltages than regular copper cavities. Based on a mean M. Tigner in ref.[l 1]).
fieldstrength of 5 MV/m, single-cell superconducting cavities
would operate at about 2 MV effective acceleration voltage. A VIII. SUMMARY
total of 2 x 5 pairs of cavities would be used for the SSC.
They would occupy 2 x 17 m tunnel space. It is envisaged to At this point in time, two valid solutions are competing in
put at least 2 cavities into one 4.5-K cryomodule, and to leave how to achieve the best performance of the rf system for the
sufficient room between modules to install vacuum pumps. SSC collider rings. More engineering work is required to
The (preferably separate) cryoplant has to cool about 700 W. complete the layout studies and to decide on the final choice.
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Impedance filculations for a Coaxial Liner

M. Filtz and T. Scholz
Technische Universitgt, EN-2, Einsteinufer 17, D-1000 Berlin 10, Germany

Abstract II Scattering matrix and excita-

Cold beam pipes like in SSC or LIC require shielding tu- tion vector for one single cell
bes with pumping holes called liner. As a first approxima- Let us assume a charged particle Q moving with the velo-
tion instead of holes a tube with an arbitrary number of city of light parallel to the axis with an offset r. The m-th
rotationally symmetric interruptions is analyzed using the azimutal spectral components of the electromagnetic field
mode-matching-technique. Results are presented for the in the frequency domain are well known if the surrounding
longitudinal coupling impedance. vacuum chamber is smooth. To take the discontinuities

into account we first separate the whole structure into cells
(Fig.2). Due to the symmetry of one segment we split the

I Introduction

For cold beam pipes like in SSC or LtC coaxial wave- i dI
guides are required where the inner conductor shields the i a b ,
outer surface from synchrotron radiation. The pumping -- I-- i

holes in the inner conductor represent a coupling impe- ,,) 4
dance of the beam to these discontinuities. For small holes 1 3 92

this impedance can be obtained according to the Bethe g/2 w - g/2
theory of diffraction 11]. To avoid limitations w.r.t. the
size and number of holes as well as the thickness of the Figure 2: one segment of the rotational symmetric liner
inner conductor we use the mode matching technique to
get an accurate solution. exciting field E, in two standing waves with a phase shift
To fit the surfaces of the structure to coordinate surfaces of 900 w.r.t. time and position
e (p, z = const. we have to restrict ourself to holes with
rectangular cross section (Fig.la). But as a first approxi- E,' !-j(koI/2+.) {e-Jkoxz - ko (1)

where ko = w/co and 0v+l = 0v + kol.
In- and outgoing TE and TM waves exist at the considered

a) two ports of one segment. The amplitudes of them we call
A1,2 and D 1,2 respectively. Now we introduce the wave
amplitudes A', A", B', B" referring to the excitation (1).
Then we have

A' A_ 4 AsA . B' Bn- B1 • 2b) A" - 2 ]B " -- (2)

On the other hand we can write the relation between A
Figure 1: scetch of a liner and B in matrix form

S) ( S 12 A
mation we will treat the simplified arrangement as shown DB2) S1 2  S 11  A W2
in Fig.lb. Later the analysis described below will be exten- (3)
ded to the really three dimensional problem of holes with 1 S' 0 A'
rectangular cross section. Dot 0 So W"

0-7803-1203- 1/93S03.00 0 1993 IEEE
1036



After calculation of the reflection matrices S', S" and the

excitation vectors W', W" as described below the matrices
S11, S 12 and vectors W 1 , W 2 become

S11 _ S+±S" W 1  W(
S12 2 W W'+2. (4)

Now we make the following ansatz in subspace 1 of Fig.2
for the beam induced transverse electromagnetic field with
even symmetry using a compact matrix notation Figure 3: lines of force for two segments, koa = 1.76

=• T( ){Z+(z)A,)' +Z-(z)B")'

with w -- * oo. Then, the relation between incoming and

e. X = Q__T(j ,,P)yi{Z- (z,)B(U)'_Z+(z•)Av)°} outgoing waves at port 1 of segment v + 1 is given by

Z± = exp(:ljjKi [z, + 1/2]) (5) D,') = R(Y+1)A(v+i) + (8)

where Zo = • In (5) we have defined where R and V include the influence of the entire structureto the right of segment v + 1. Taking into the account the
"* the vectorial column matrix v'th segment results in the recurrence formula

F(t, w) = •0Fe(t, V) + •Fp (t, j) (6) R(") - S(") + s(•-, Q- +t(MV+I)5)

with elements V(-) W(-) + S2Q1 (.(v+I)W..) + "+'))

F., = cos(m)-J(j0,) Q = I - R("+')S.) (9)

FTM = cos(m'P)jij4'(jm,-) Iterating through the whole structure we get finally at the

-FT = ~interface between segment I and 2 the equations

ipp
M s_~•mj~m• R1 ) E)R(2)}BD(2) = R0I)V(2) + V(1)

AM1) = R(2)BiD) + V .2) (10)
"n the diagonal matrices K and Yc with the modal wave The wave amplitudes at all other interfaces can now be

numbers and wave admittances respectively determined by a forward recurrence using (3).

KT•,,, =~ •Io-jeI• ,,,, Y = KU/ko As an example Fig.3 shows the lines of force for N=2.

KTM Vk20 " j2 2 •yT.M TY

= -j•,/a• ' s = k 0/KK,6 IV The coupling impedance

Jm are the Besselfunctions, J,, their derivatives and Hlere, we will restrict ourself to the evaluation of the lon-

jmi,j'i their zeros. The superscript (T) describes the gitudinal coupling impedance for m = 0. Using the abbre-

transpose of a matrix. In a similar way we can make an viation

ansatz for subspace 2 and 3. Note that in subspace 3 a )2 1 [,W[.)r + ZoQ InaU(,)
TEM-field must be taken into account. After matching '2(z) =-jko(a, b)2  i- ,2 - I UTEM

the field in the planes z,, = ±w/2 we get the matrices S', 2

S", and vectors W', W". All appearing coupling integrals (11)
can be solved analytically. For example the coupling ma- we get
trix for the transition from subspace 2 to subspace 1 reads N-1

1z = -• z {.')([,- l] -j- Z"+i)([7- -11-2 2
M21 = 9(f(, W)- T j,)e dide (7) =

III Field of the entire structure It can easily be shewn that UTEM in (10) is essentially gi-

ven by the voltage between the inner and outer conductor,
Let us now consider an infinitely long shielding tube with i.e.
N interruptions. This can be simulated by combining N-2 )(

cells, as shown in Fig.2, and two cells at the end of our tube U4EM = J E)d(
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where only the TEM field contributes. [Er•) I- describes
the i'th mode of the longitudinal electric field in subspace
1 arid 2 respectively. 10

Fig.4 - Fig.7 show impedances for some configurations.
Note that the value in Fig.4 for w --+ 0 is given by -.

a 20- a=21mm -
R[Z(w --+ 0)] = -1 In V b=16mm

The frequency independent behaviour of the real part of s d gf3mm d

the impedance in Fig.4a for d = 0 agrees with the results ,o -,0
in [2].

5 Re(Z)

Conclusion and outlook 01 ,154
C a0 005 010 015 0.20 000 0.05 0.10 0.15 020

In the present paper we have proposed an analytical me-
thod to calculate the impedance of annular interruptions Figure 5: impedance of an annular interruption in the inner
in the inner conductor of a coaxial waveguide. The writ- conductor with d=0.5 ,1.0 ,1.5 ,2.0 ,2.5 ,3.0 ,3.5 mm
ten computer code is an extension of existing codes. The
advantage of the method used here is that we can change
transverse dimensions from cell to cell. So in principle we
are also able to analyse the so called detuned iris loaded
waveguide while choosing b + d = a. In this case and if 25

a, b are constant for all cells, we obtain exactly the same Re(Z) [01
results as presented in [3]. 20

The generalization to holes with rectangular cross section
will be presented next. b=a=21mm16mm

d= 1.5mm

Re(Z) ..... .I -00

d=Omm if, a=21mm -

d=3m m 15 _______________

20. d=4m d=Omm 005 o0o 0.15 020 o0o 0.05 0.10 O.S 020

d=Smm a=21mm d=mm k. k.[

o Re(Z) Z"' /Z" - o=3rnm
I ... Figure 6: as Figure 5, but with varying gap in the inner

conductor g=0.1, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0 mm

0.00 0.05 0.10 0.15 020 0.00 0.05 0.10 015 020

a) ko (,-116] b) k 0  [J l

Figure 4: real part of the impedance of a single disconti-
nuity a) for a charge leaving the inner conductor, b) ente-
ring the inner conductor 1500

30o0 Re(Z) [101 a=2lmm

b= 16mm
2%00

d= 1.5mmReferences 200 w=7mm

S• ............ r g= 'Om

[1] R.L.Gluckstern, "Coupling Impedance of Many lHoles 1500 g=3mm

in a Liner within a Beam Pipe", SSC, internal paper, 1000

January 8, 1992, Waxahachie,Tx 100

[2] L.Palumbo, "Analytical Calculation of the Impedance 0 . 0.2 0_ 0 0

of a Discontinuity", Particle Accelerators, Vol.25, 1990, o0 0,6

S.201-216

(3) llc.lenke, "Impedances of a Set of Cylindrical PWso- Figure 7: real part of the impedance for 20 annular inter-

nators with Beam Pipcs",Particle Accelerators, Vol.25, ruptions

1990, S.183-199
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Design of a High-Power Test Model of the PEP-1I RF Cavity *

H.D. Schwarz, R.A. Bell, 1.A. Hodgson, J.G. Judkins, K. Ko, N. KrollA, C.K. Ng, R.P. Pendleton, K.Skarpaas,
Stanford Linear Accelerator Center, Stanford, Ca 94309, USA

G. Lambertson, R. Rimmer,
Lawrence Berkeley Laboratory, Berkeley, Ca 94720, USA

M.S. deJong, T. Tran-Ngoc, F.P. Adams, M.G. Lipsett, W. Mellors,
AECL Research, Calk River Laboratories. Calk River, Ontario KOJIJO, Canada

codes onto the 3D finite-element mesh used by the thermal-
Abstract mechanical codes, and scaled to give a total dissipated power

The design of a normal-conducting high-power test cavity of 150 kW. The power density, F (W/m 2 ), is derived by
(HPTC) for PEP-II is described. The cavity includes HOM directly calculating the tangential magnetic field, Htan at the
loading waveguides and provisions for testing two alternate surface, and converting to surface heating via the relation:
input coupling schemes. 3-D electromagnetic field
simulations provided input information for the surface power F R 2
deposition. Finite element codes were utilized for thermal and 2
stress analyses of the cavity to arrive at a suitable mechanical
design capable of handling the high power dissipation. The
mechanical design approach with emphasis on the cooling R, =0.0057 OFECu@476MHz
channel layout and mechanical stress reduction is described.

where Rs is the surface resistance at 27*C. Power flow
I. INTRODUCTION densities of 33 W/cm2 at the base of the nose cones and up to

90 W/cm2 in small areas at the intersection of the HOM
The PEP-I1 B-factory design at SLAC will use normal- loading waveguides with the cavity body were calculated. In

conducting copper cavities at 476 MHz for acceleration of the order to cool the cavity for this relatively high power flow, a
beam. In order to minimize the possibility of multi-bunch closely spaced cooling channel layout has been selected
oscillations the total number of cavities is kept to a minimum covering as much of the outside of the cavity as possible. An
and higher order mode (HOM) impedances are reduced by outline drawing of the cavity with its ports is shown in Figure
specific loading schemes [1]. The minimized number of 1. This preliminary cavity design was then used as the basis
cavities requires higher than usual gap voltages of almost I for finite element code simulations to evaluate thermal and
MV per cavity and correspondingly higher power dissipation stress behavior of the cavity under full power.
of up to 150 kW in the cavity walls. The Higher Order Mode
impedance is reduced by lowering the Q of HOMs by up to 111. THERMAL AND STRESS CALCULATIONS
three orders of magnitude with the use of special loading
waveguides terminated into broad band HOM loads. First a 2D analysis was made to model the basic layout of

The major design choices for the cavity are described the cooling channels. The analysis assumed a water velocity
based on electromagnetic field simulations and thermal and of 5 m/s resulting in a heat transfer coefficient of 21.2
stress calculations. A conceptual design [21 has been
established which could dissipate the required 150 kW kW/m2°C. The inlet water temperature was set at 35°C
without excessive stress. which, with a specified 10°C temperature rise of the water,

A preliminary design for broad band HOM loads is results in an average water temperature in the cooling
presented. There are two choices for coupling networks, channels of 40°C. The resultant average temperature of the
coaxial loop and iris coupling. Both are planned to be inside surface of the cavity was 52°C. This would cause a
evaluated with the prototype cavity. The coupling networks reduction in Q of 6.3% due to the increase in copper resistivity
need to handle the power dissipated in the cavity plus power with temperature. The peak temperature occurred at the flat
delivered to the beam totaling 500 kW. The coupling factor part of the nose cone and was only 60°C, and the maximum
through a coupling iris was calculated using the MAFIA code. calculated Von Mises stress was 16 MPa, well below the yield

point of OFE copper. The frequency shift caused by the
deformation of the cavity from the combined affects of water

II. CAVITY DESIGN CONCEPT pressure, vacuum and thermal loading, was calculated to be
-130 kHz.

A reentrant cavity shape with three HOM loading ports Next a 3D model was made. The results for this baseline
and ports for coupling and tuning has been developed and 3D case were an average temperature of about 600 C, peak
extensively analyzed using the 3D electromagnetic codes temperature of 97°C at the intersection of the HOM
MAFIA and ARGUS. To generate the surface heating waveguide with the cavity and a peak Von Mises stress of 71
distribution the magnetic field of the fundamental mode was MPa in the same region. It is noteworthy that the peak stress
translated from the finite-difference mesh of the electrical occurs in a very localized region and is compressive. A

number of variations on the baseline case were analyzed in an
effort to better understand how to optimize the cavity design.

*Work supported by the De ment of Energy, contracts DE-AC03- The variations included adding stiffening supports at various
76SF00515 and DE-AC03-76SF00098, Grant DE-FG03-92ER40759, locations along the waveguides and other regions of the
and AECL Research, Canada. cavity, specifying the cooling water routing, etc. In one of
AAlso Dept. of Physics, UCSD, La Jolla, Ca 92093 these variations the water velocity was reduced to 3.7 m/s
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damping scheme and may result in higher Qs for the cavity will be tested to verify its current carrying capability at 500
HOMs. The design requires that the load must work in kW CW power level.
vacuum, have a VSWR less than 2.0:1 over the frequency
range 700 MHz to 2500 MHz for all propagating waveguide
modes, and be capable of dissipating 10 kW. WR 2100 waveguide

Using the time domain module of MAFIA various
geometries for the HOM load have been investigated and one
has been found that can be the basis for a workable design.
The load consists of a shaped alumina piece sandwiched
between two tapered sheets of a lossy ceramic jointly
developed at CEBAF and CERADYNE [3](aluminum nitride
filled with 7% glassy carbon), Figure 3. The alumina section
draws the field in from the waveguide and in this way couples
the fields into the lossy ceramic more efficiently. Preliminary
thermal calculations indicate the load will be able to dissipate
the design goal of 10 kW. Continued work will be directed at
reducing the overall length of the design, investigating the Waveguide window
bonding techniques required to build a load with these
materials, and building a prototype.
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Figure 4. Iris Coupling Network

-700_ •o0 VII. CONCLUSION

A PEP-I cavity design has been developed usingFigure 3. HOM Load Design electromagnetic and thermal-mechanical codes to check its
design feasibility. The model predicts that the design at the

VI. COUPLING NETWORKS required gap voltage and power can be built and stay within
allowable stress limits. A preliminary cooling channel layout

Two variations of input coupling networks for 500 kW has been analyzed on which a final layout will be based. The
power transmission are presently being designed and will be MAFIA code has been used to calculate the coupling for an
tested in the high power test cavity. One will use a coupling iris coupling network. The details of the high power test
loop in a 6.4-inch coaxial line combined with a coaxial cavity design are being finalized and a cavity will be built and
window. The coupling factor can be set between zero and 10 tested to 150 kW wall power dissipation within the next year.
by rotating the loop. The coupling of the loop coupler has
been measured using an existing PEP coupling loop in a cold VIII. REFERENCES
test cavity.

The second coupling method will utilize iris coupling and [1] R. Rimmer et. al., "An RF Cavity for the B-Factory",
a waveguide window, Figure 4. The coupling of a 2 x 8 inch Proc. PAC, San Francisco, May 6th-9th, 1991, pp. 819-
iris 4 inches deep has been analyzed by calculating Q,., via 821.
the Kroll-Lin and Kroll-Yu methods, using data from MAFIAsimlatons[4][5] an deivig •Qo/e•= Th legthof he [21 M. S. de Jong et al, "Mechanical Design Development of
simulations MID],[1 and deriving f=Q0/Q.. The length of the a 476 MHz RF Cavity for the PEP-il Asymmetric B-
waveguide in the simulation is set to 1/2 wavelength so that Factory", AECL- 10782, Feb. 1993.
two resonant modes close in frequency appear in the output of [31 1. Campisi, K. Finger, L. Summers, M. Johnson, "Higher
one MAFIA run. These two modes are the 0 and nt mode of Order Mode Damping and Microwave Absorption at 2
the waveguide-cavity coupled resonator system and occur at `K", Proc. Third EPAC, Berlin, March 24-28, 1992
what Ref. 5 terms the avoided crossing region. The Kroll-Lin [4] N. Kroll, X. Lin, "Computer Determination of the
method is particularly well suited to the evaluation of large Properties of Waveguide Loaded Cavities", Proc. Linear
Q.. The Kroll-Yu method was only used as a rough check. Acc. Conf., Albuquerque, NM, Sept 10-14, 1990, Los
The coupling factor can be varied by inserting exchangeable Alamos Report LA-12004-C, pp. 238-240 (1991). Also
waveguide quarter-wavelength transformers in-between the SLAC-Pub 5296, July 1990.
coupling iris and the waveguide. Time domain simulations in [51 N. Kroll, D. Yu "Computer Determination of the External
MAFIA are being used to calculate wall current densities at Q and Resonant Frequency of Waveguide Loaded
vacuum joints in the waveguide. A commercial product Cavities", Particle Accelerators, 1990, Vol.34, pp. 231-
HELICOFLEX [61 has been selected for a vacuum seal and 250.

[61 HELICOFLEX, Columbia, South Carolina.
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Abstract

This paper reports the design and construction status of structure has four-fold rotational symmetry the dipole-
a niobium superconducting RFQ operating at 194 MHz. quadrupole mode separation is large, yielding good
The structure is of the rod and post type, novel in that each mechanical tolerances. The mode separation results from
of four rods is supported by two posts oriented radially with the large electric-field coupling between the longitudinal rods
respect to the beam axis. Although the geometry has four- or vanes, the inductive coupling between the radial posts
fold rotation symmetry, the dipole-quadrupole mode splitting being relatively weak in this geometry.
is large, giving good mechanical tolerances. The simplicity
of the geometry enables designing for good mechanical sta- The four-fold symmetric rod and post geometry has
bility while minimizing tooling costs for fabrication with several advantages for construction of a superconducting
niobium. Design details of a prototype niobium resonator, niobium RFQ:
results of measurements on room temperature models, and 1. TLe large mechanical tolerances are compatible with the
construction status are discussed, need to heavily chemically polish the niobium surface, with

resulting uncertainties of tens of microns in the final position
I. INTRODUCTION of the interior cavity surfaces.

2. The cost of tooling and fabricating in niobium are mini-
Although cw electric fields exceeding 100 MV/m have mized by the simplicity of the structure, which can be

been achieved in a superconducting niobium RFQ structure, formed by joining eight simple "T" sections.
the structure tested had vanes only 6.5 cm long, and was not 3. Since peak surface field, rather than shunt impedance, is
suitable for accelerating beam [1]. The RFQ design present- the primary design constraint for superconducting niobium
ed here is intended as a next development step 12,31 for the structures, the rod and post structure can assume massive
niobium short-vane RFQ with the following objectives: proportions, providing excellent mechanical stability.
1. See if high accelerating fields can be obtained in a
superconducting RFQ structure of useful length (50 cm). B. Mechanical Features
2. Permit testing with beam at the ATLAS heavy-ion facility.
3. Exhibit sufficient mechanical stability for cost-effective The resonant cavity, fabricated of niobium, is jacketed in
operation in low-beam-current applications, a stainless steel housing which forms a liquid helium

container through which pass beam ports and rf coupling
The potential for testing with an ATLAS heavy-ion beam ports which access the resonator interior. This design

provides considerable flexibility [6]. The velocity profile, and permits operation with a common beam and cryogenic
the vane modulation, can be specified without knowing preci- vacuum system (characteristic of the ATLAS accelerator)
sely what electric field gradients can be achieved, since the while avoiding the use of copper-niobium composite
charge-to-mass ratio 0/A of a test beam can be varied over material. The rod and post structures will be formed of 1/8
a substantial range, from 1/10 to 1/2. A test area is inch niobium sheet, and the resonator cylindrical wall of
available in which a bunched beam of velocity as low as .02 3/16 inch material.
c can be made available. To permit such testing, the
entrance velocity of the structure is chosen to be 0.02 c, and C. Vane Modulation
the operating frequency to be the 16th harmonic of the
ATLAS bunching frequency, or 194 MHz. The vane modulation is chosen so that if surface fields

as high as were obtained in the earlier short vane tests can
II. RESONATOR DESIGN be attained in the larger structure, a 238U24+ beam will be

matched. If the structure proves limited to lower surface
A. Gencral Characteristics fields, it will still match beams of higher Q/A, so that a

beam test at ATLAS would be possible for a range of
Figure 1 shows the resonator geometry. Although the possible accelerating gradients.
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Figure 1 - End-section and cut-away view of the four-fold symmetric superconducting RFQ. The operating frequency is 194
MHz, and the active length 46.6 cm. The resonant cavity will be formed of niobium, then housed in a stainless steel outer
jacket which serves as a liquid helium container. For details, see the text.

For the vane design, we assume the upper limit of III. WARM MODEL MEASUREMENTS
possible performance for a superconducting structure to be
a peak surface electric field of 120 MV/m. To match A. Electrodynamic Properties
possible test beams from the ATLAS accelerator, we also
assume the following parameters: Electromagnetic properties were modeled first

numerically, using the MAFIA code, then by measurement
Frequency 194 MHz with a room-temperature model of the structure with un-
Entrance velocity 60 = 0.02 modulated vanes set at the average beam aperture ( 5.03
Transverse Emittance ex = 10 ir mm-mrad mm radius).
Longitudinal Emittance ez = 40 ir KeV-nsec

Table 1
The design chosen calls for the vanes to be formed of Numerical and Measured Electromagnetic Properties

niobium plate with a constant (transverse) thickness of 7.65
mm. The vane modulation is chosen to yield as high an Parameter MAFIA Warm Model
accelerating gradient as is consistent with good longitudinal
and transverse focussing, and the requirement to maintain a Quadrupole Mode 199.5 MHz 198.6 MHz
low peak surface electric field. Principle parameters of the
resulting design are: Dipole Modes 215.6 MHz 214.9 MHz

214.2 MHz
Modulation factor 2.53
Minimum Aperture (radius) 2.85 mm B 702 Gauss 680 Gauss
Synchronous Phase -300 peak
Number of cells 21 E 120 MV/m
Overall Length 46.6 cm peak
Peak surface electric field 120 MV/m RF Energy' 6.1 Joule 10.1 Joule
Mean Accelerating Gradient 8.64 MV/m * Normalized to an inter-vane voltage of 465 KV
Inter-Vane Voltage 465 KV

The peak magnetic field is substantially reduced from
It should be noted that the above electric field gradients that reported 131 for an earlier model, primarily because the

represent the upper limit of possible performance for the cross-sectional area of the support posts was more than
structure which could still be tested with beam at ATLAS. doubled for the present model. Since superconducting ion-
Achievement of even one-half the above gradients would accelerating structures currently in use in the ATLAS linac
provide exceptional performance for a cw RFQ.
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frequently operate at B_ ak > 700 gauss 171, in the absence 3. Do multipacting phenomena in such a structure
of surface defects, performance limits for the device are present operational problems?
expected to be electric-field-induced electron emission rather
than magnetic-field-induced losses in the superconductor. IV. ACKNOWLEDGEMENTS

MAFIA results indicate that variation of the rf The authors wish to acknowledge the contributions of J.
voltage along any vane is less than 3% 131. Givens and J. M. Potter of AccSys Technology in the

construction and testing of the room temperature model
B. Mechanical Properties resonators. We would also like to thank Gerry McMichael

of the Chalk River Laboratories for a helpful discussion of
Because of the wide quadrupole-dipole mode-splitting, the vane design, and N. Freed at Argonne for assisting with

mechanical tolerances are excellent. For the present model, model measurements.
on initial assembly, during which mechanical tolerances of
typically .005 inch were maintained, and with no subsequent This work was performed under the auspices of the U.
tuning, the voltages on the four vanes were balanced to S. Department of Energy, through the SBIR program, con-
better than 10% of mean. tract no. DEFG0391ER81098.

A high-degree of mechanical stability is desirable for V. REFERENCES
low-beam-current applications because of the difficulty of
stabilizing the rf phase of high-Q superconducting resonators 1. J. R. Delayen and K. W. Shepard, AppI. Phys. Lett. 57
in the presence of microphonic-induced-excitation of 514 (1990).
mechanical vibrational modes of the cavities. Measurements
of the vibrational properties of the present model have not 2. A. Schempp, et al., Proceedings of the 1990 Linear
yet been made. We note however, that measurements on an Accelerator Conference, Albuquerque, New Mexico,
earlier model showed adequate mechanical stability [3]. September 10-14, 1990, p. 79, (1990).
Since the support posts for the present model have nearly
twice the cross-section and are substantially shorter than for 3. K. W. Shepard, et al., Proceedings of the 1992 Linear
the earlier model, the resonator mechanical stability should Accelerator Conference, Ottawa, Canada, August 24-28,
be appreciably increased. 1992, p. 441 (1992).

III. CONSTRUCTION STATUS AND 4. J. M. Bogaty, et al., Proceedings of the 1989 IEEE
FUTURE PLANS Particle Accelerator Conference, Chicago, Illinois, March 20-

23, 1989, p. 1978 (1989).
The design of the prototype niobium structure is

complete. Procurement of niobium and fabrication of 5. N. Added et al., Proceedings of the 1992 Linear
tooling are currently underway. RF tests of a prototype unit Accelerator Conference, Ottawa, Canada, August 24-28,
are expected within the next year. 1992, p. 181 (1992).

Primary questions for prototype tests are: 6. R. Pardo, et al., Proceedings of the 1992 Linear
1. Can the high electric surface fields (> 100 MV/m) Accelerator Conference, Ottawa, Canada, August 24-28,

obtained in a short niobium RFQ be repeated in a structure 1992, p. 70 (1992).
of useful length?

2. Is the structure sufficiently mechanically stable to 7.K. W. Shepard, IEEE Trans. Nucl. Sci. NS-32, p. 3574,
permit phase control? (1985).
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Abstract the design focussed on reducing construction costs and
maximizing operational simplicity and stability.

This paper reports the design and construction status of a
prototype superconducting niobium accelerating structure In what follows, we first discuss the design of a two-gap
consisting of a pair of quarter-wave coaxial-line cavities resonant cavity, usable as a stand-alone structure, then some
which are strongly coupled with a superconducting loop. characteristics of a coupled pair of such cavities. Finally, we
Quarter-wave resonators are two-gap accelerating structures discuss the multipacting behavior observed in a super-
and are relatively short, so that a large number of inde- conducting niobium simulation of the drift-tube region of the
pendently-phased cavities is required for a linac. Strongly proposed resonant geometry.
coupling several cavities can reduce the number of
independently-phased elements, but at the cost of reducing II. RESONANT CAVITY DESIGN
the range of useful velocity acceptance for each element.
Coupling two cavities splits the accelerating rf eigenmode A. General Approach
into two resonant modes each of which covers a portion of
the full velocity acceptance range of the original, single cavity The design begins with a 100 MHz, two-gap resonant
mode. Using both of these resonant modes makes feasible cavity optimized for particle velocity B = v/c = .08. Such a
the use of coupled cavity pairs for a linac with little loss in structure has a large enough range of velocity acceptance
velocity acceptance. Design details for the niobium cavity that a single resonator geometry will suffice for the entire
pair and the results of preliminary tests of multipacting booster linac, as presently envisioned [7].
behavior are discussed.

Two cavities as described above are being constructed as
I. INTRODUCTION prototypes, and will be tested, first individually, and then as

a coupled pair in order both to test the superconducting
The superconducting accelerating structure discussed coupler and also to ascertain the feasibility of operating the

here is to be employed in a heavy-ion booster linac for the cavities in strongly-coupled pairs, and thus combine the
16UD pelletron electrostatic accelerator at the Nuclear advantages of two-gap and many-gap cavities.
Science Center in New Delhi, India.

B. Quarter-wave Coaxial-line Cavity
Several recent heavy-ion booster linac projects employ

superconducting quarter-wave coaxial-line (QWCL) resonant The cavity is formed entirely of niobium, rather than
cavities [1 - 71. The QWCL geometry is characterized by bonded niobium-copper composite as is used in the ATLAS
excellent mechanical stability and broad velocity acceptance. linac and several other accelerators. This choice was taken
Also, QWCL resonators made with superconducting niobium both because of the cost of forming and welding the
have achieved very high accelerating gradients [5]. composite material, and also because the cost is increased by

the relatively large number of two-gap cavities required.
A disadvantage of the QWCL geometry, however, is that

the single-drift-tube, two gap structure is short, and a Figure 1 shows a coupled pair of cavities. For the
relatively large number of independently controlled resona- moment, we consider a half of the coupled pair, which
tors is required to form a useful linac, constitutes a single QWCL resonant cavity. We note several

features:
The present project is aimed at developing a high-

performance structure based on the QWCL geometry, with 1. The high-voltage end of the coaxial line consists of a
I_ relatively large diameter section which capacitively loads the
"This work is being performed at Argonne, and is funded quarter-wave line and shortens the cavity nearly 20 cm. This

through the Nuclear Science Center, New Delhi by the is done both to reduce the size of the resonant cavity, and to
University Grants Commission of the Government of India improve mechanical stability, which decreases rapidly with
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increasing length of the coaxial line. By using a cylindrically single cavity operation, but necessary for operating the
symmetric drift tube, large capacitive loading can be cavities in coupled pairs.
obtained while keeping the peak surface electric field low.

C. Electrodynamic Parameters
2. The niobium cavity is closely jacketed in a vessel of
stainless steel, which contains the liquid helium required to The QWCL resonant geometry has been modeled
cool the superconducting structure. This design permits an numerically and measurements have been performed on a
array of cavities to operate in a cryostat with the beam-line copper model to determine the mechanical properties of the
and cryogenic vacuums being one common system. Such an design, which proved entirely satisfactory [7].
arrangement is almost universally used in superconducting
heavy-ion linacs, because it facilitates the large number of Some parameters for a single QWCL resonator (1/2 of
connections to room temperature required to operate an a pair) at a nominal accelerating gradient of 1 MV/m are:
array of independently-phased resonant cavities. A small
amount of niobium-stainless bonded composite material is Resonant Frequency 95 MHz
used to provide welding transitions where beam ports and Synchronous Velocity 0.081 c
coupling ports penetrate the stainless steel jacket. Drift Tube Voltage 86 KV

Energy content 0.116 J
3. A pneumatic tuner is incorporated into the bottom end Peak Magnetic Field 108 G
face of the resonant cavity and will consist of a three-section Peak Electric Field 3.9 MV/in
niobium bellows. The end face will move about 3 mm with Geometric factor QRs 18
1 atm of internal pressure, and provide a tuning range of
approximately 100 KHz, substantially more than required for D. Coupled Cavity Pair

Coupling a pair of QWCL cavities creates a structure in
LIQUID HELIUM COUPLING LOOP which the two lowest-frequency rf eigenmodes consist of the

fundamental rf eigenmode in each of the independent
cavities, the two of which can be either in phase (the anti-

.......... symmetric mode of the coupled structure) or ir radians out
of phase (the symmetric mode). As is discussed in reference
[71, if each half of the pair can be independently tuned, both
modes can be used for beam acceleration, providing a wide
range of velocity acceptance.

III. MULTIPACTING TEST

The design chosen could be at risk for severe low-level
multipacting for two reasons. The cylindrical drift-tube
termination of the QWCL has a high degree of symmetry
which might enable multipacting over large areas. Also the
drift-tube characteristics, with 3.33 cm gap at 97 MHz, imply
an electron transit time that could lead to two-point
multipacting at gap voltages in the range 200 - 600 volt, a
range in which secondary electron reflection coefficients are
generally large. To gain an early indication of multipacting
behavior, an existing niobium QWCL resonator was
modified by terminating the high-voltage end with a 8.75
inch long, 5.375 inch OD niobium cylinder (coaxial with the
8.0 inch ID of the outer resonator wall). This modification

STAINLESS STEEL SLOW provided a 3.33 cm gap over a substantial area and changed
HOUSING TUNER the resonant frequency to 97 MHz.

0 10
I I I

SCALE (inches) The modified resonator was electropolished, assembled,
cooled to 4.2 K, and the severity of multipacting was

Figure 1. Coupled pair of 100 MHz quarter-wave coaxial-line observed by logging the time required to RF condition
resonant cavities. The shaded region shows the volume through the multipacting barriers. During the conditioning
occupied by liquid helium. process, typically I watt of RF power was coupled into the
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multipacting resonator. In figure 2 the conditioning process IV. CURRENT STATUS
is shown both after the initial cooldown (Curve 1), and again
after warming the resonant cavity to room temperature for Construction of a prototype cavity pair is well advanced.
several days and cooling again without exposure to air Most of the tooling has been made, and machining and
(Curve 2). After conditioning no further multipacting was welding of the resonator elements is currently in progress.
observed as long as the cavity was maintained below 77 K. Completion of the first QWCR and initial cold tests are

expected within FY 1993.
Under similar conditions, the split-ring and interdigital

superconducting cavities employed in the ATLAS accelerator V. ACKNOWLEDGEMENTS
typically require one to five hours of rf conditioning to
eliminate multipacting. Although multipacting in the present The authors would like to thank G. K. Mehta for his
geometry seems appreciably more severe, as manifested by support and Lowell Bollinger for several helpful discussions.
the increased conditioning time, the conditioning process
seems entirely effective, and no operational problems are VI. REFERENCES
foreseen at this time.
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for this mode and 41 nsec for 3n/4. This is sufficient
Abstract value for practical application of S-band linear accelerator.
A high power model of a damped linear accelerating The shunt impedance of 37r/4 mode is almost same as the
structure using the choke mode cavity has been designed. 21t/3 mode.

1. INTRODUCTION B. Degradation of Q-factor due to the Choke HOM
In the course of design study of the e+e- linear Damping Structure

colliderl 1], a new type HOM damped cavity: the choke The damping slot, radial transmission line and the choke
mode cavity was proposed by the author[2]. Using a cold structure dissipate microwave power due to wall loss.
model of this cavity at S-band, it was demonstrated that This is 25% of the wall dissipation power per cell of
most of all the higher order modes were fully damped, conventional disk-loaded structure. Therefore, the shunt
while small effect on the dominant accelerating mode. In impedance of this structure becomes 25% lower due to
the frequency spectrum measurement, since the damped Q attaching this choke HOM damper. Design parameter are
was very low, no any peak was observed around the most listed in Table-!. Since the stored energy in the damping
dangerous TM 110 mode. By means of the time domain structure is 10% of the total, R/Q parameter becomes 10%
simulation using TBCI-code, the damped-Q of TM110 lower. The Q-factor becomes 85% of conventional disk-
mode was estimated to be less than 10. [31 loaded structure.

Since this cavity is a simple structure, and it has perfect Since the choke is a kind of a notch filter, the power
cylindrical symmetry around the axis, it is quite suitable stop-band is limited. If the operating frequency moves
for mass production of large number of cells for traveling from the design center frequency, or the choke resonance is
wave accelerators requested for e+e- linear colliders. Since, different from the rf frequency due to dimension errors,
wall dissipation power density is uniform around the axis, some fraction of the accelerating microwave power can
and there is no heat concentration at any point, this leak-out from the cavity. Figure 4 shows degradation of
structure is also suitable for high-power CW accelerating Q-factor due to this power leakage as a function of relative
cavity in storage rings, especially for B-factories[4,51. frequency detuning. Qleak denotes the power leakage

In order to study practical problems of this cavity, we effect. If we accept a degradation of a few % of Q-value,
started design study of S-band high power model. In this that is 98 % of QO, the tolerance on the choke center
paper, current status of this design study is reported. frequency becomes ± 0.16 %. Therefor, the dimension

tolerance for the choke depth is approximately ± 40 gtm
2. ACCELERATING MODE for 25 mm choke depth. This is easy value to realize by

Schematic drawing of the high power model is shown in machining on a turning lathe.
Fig. I. Since the structure has many slots for HOM The frequency bandwidth required for the traveling wave
damping, it will be installed in a vacuum vessel. It structure( vg=0.01) is around ±0.5 %. Since the Q-factor
consists of 14 cells: 12 regular cells of the choke mode is higher than 10000 within this bandwidth, the pulse
cavity, input and output coupler cells, response will not be disturbed.

A. Accelerating Mode : Phase Advance per Cell C. Dimension Tolerance & Tuning
In order to get enough space for the choke structure, we Sensitivity of the resonance frequency on dimension

use the 3n/4 mode, rather than 2nr/3 mode. Cross- errors and their tolerances for 100 kHz frequency error are
sectional dimension is shown in Fig. 2. The disk-to-disk listed in Table 2. Tolerances on 2a, 2b and D dimensions
spacing: D in 37r/4 mode is 39.364 at 2856 MHz. This is are same as that in the conventional disk-loaded structure.
4.4 mm longer than the 2nr/3 mode. The Brillouin The tolerances on choke dimensions are not so tight.
diagram of this mode is shown in Fig. 3 comparing with Since 2b dimension tolerance is tight, conventionally it is
the 2n/3 mode. The group velocity is 0.01c for both tuned by pussing the body from outside after braising.
modes. Since the 3n/4 mode is near to n-mode, the rise However, we can not access to 2b dimension after the
time of pulse microwave propagating along this structure braising. Therefore, firstly we will measure the center
becomes slower than in 2n/3 mode. The estimated rise frequency (n/2-mode) using two detuned dummy-cavity and
time from the band width ( T = I/n(fn - frC) ) is 64 nsec slightly machine the 2b dimension for coarse tuning, and
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D dimension (spacer length) for fine tuning. Since the Table-i
tolerance on D dimension is not tight, it will not be
necessary additional tuning after the braising process. Operating Frequency to 2856 MHz

3. HIGHER ORDER MODES Wavelength AO 104.969 mm
HIHRODRM DSPhase Shift per Cell 3,r14

Since the choke is a quarter-wavelength line, it has Ce Unit Length ll 3934 m

higher order resonances at 3f0, 5fO.. If we use a simple

straight choke, the 3rd resonance can trap some higher Structure Length L 511.7 mm

order modes in the accelerating cavity. In the previous Cell Number N 14 cells

measurement[21, a peak of trapped TM021 mode was (2couplers + 12 regular cells)

observed at 8.5 GHz. In order to eliminate this peak, we
reduced the choke length and widened the bottom as shown Impedance Cl: constant impedance

in Fig. 2. With this modification, the 3rd resonance Aperature 2a 24.0 mm

becomes 9.5 GHz, while the dominant frequency does not Cell Diameter 2b 82.94 mm
move. Since the gap width of the radial line is 13 mm at Disk Thikness t 8.0 mm
the choke, and 24 mm at outer region, the 3rd resonance O-factor 00 12000
field can propagate along the radial line by higher order Group velocity VO/c 00096
mode as shown in Fig. 5(b). Therefore the 3rd resonance
does not trap cavity modes. Fig. 5(c) is parasitic Shun Paracet r 4 0.1 i
resonance of the choke at 10.7 GHz. Because of the same Attenuation Parameter t 0.13
reason as 3rd mode, this mode does not disturb the HOM Filling Time T, 171 nsec

damping.
Fig. 6 shows the calculated wake potential of single cell Accelerating gradient at 100 MW ri input.

of this cavity. The estimated damped Q-value from the at Input Eal 45.7 MV/m

decay time was approximately 14 for TM 110 mode. Since at outlit Ea2 40.1 MV/m
only the TM010 dominant accelerating mode is trapped
inside this cavity, the longitudinal wake potential shows
coherent oscillation at 2856 MHz. Table-2 Dimension Tolerance

4. CONCLUSIONS Dimensions Target Sensitivity Tolerance
We will fabricate this high power model in this year,

and examine the high power test. (mm) (rm) (kH7*m) (JIM)
In the second model, we will implement the microwave 2a 24.00 4.0 + 25

absorber made of SiC for the HOM damping. 2b 82.94 -36 ± 3
D 39.36 -5 ±20

ACKNOWLEDGEMENTS t 8.00 10 ±10
The author would like to thank Tatsuya Kageyama, Lchoke (26.25) -4.4 ± 23
Kazunori Akai and Yoshishige Yamazaki for stimulating Rchoke (66.1) - 11 ± 10

discussions. The author would like to thank Hiroshi
Matsumoto and Hitoshi Baba for useful suggestions on
fabrication process.

S. .... ......... ?
IlI JLC Group, "JLC-l", KEK Report 92-16, December
1992 A/H/M
121 T. Shintake, "The Choke Mode Cavity", Jpn. J. Appl.
Phys. Vol. 31 (1992) pp. L1567-L1570, Part 2, No. llA
Nov. 1992
131 T. Shintake, "HOM Free Linear Accelerating Structure
using Choke Mode Cavity", Proc. 17th Linear Accelerator
Meeting in Japan, Sendai, Japan (1992); KEK Preprint 92-
66, July 1992 A

141 B-factory Accelerator Task Force, "Accelerator Design
of the KEK B-factory", KEK Report 90-24.
151 "An Asymmetric B Factory based on PEP", conceptual ,,. '
design report, Feb. 1991, LEL PUB-5303

Fig. I S-band High Power Model
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Suppression of Longitudinal Coupled-Bunch Instability
using Energy Storage Cavity

in
B-factory RF System

Tsumoru Shintake
KEK: National Laboratory for High Energy Physics

1-1 Oho, Tsukuba-shi, lbaraki-ken, 305 JAPAN

Abstract excited by the large impedance of the accelerating mode
The longitudinal coupled bunch instability due to the itself at the instability resonance. To eliminate this type

fundamental accelerating mode can to be suppressed by of instability, it is essential to reduce the detuning
attaching an energy storage cavity to a normal conducting frequency of the cavity, and also to reduce the impedance
accelerating cavity. Since the stored EM-energy in this tail at the instability resonance.
system is very large, a small frequency detuning is We here briefly review the cavity detuning. When a
sufficient to compensate reactive part of the beam loading beam is accelerated by the cavity voltage it induces a beam
voltage induce by extreme high beam current in B-factory loading current in the rf cavity as its reaction. In electron
storage rings. In KEK B-factory case, it is possible to use or positron storage rings, in order to insure stability
a normal conducting single cell accelerating cavity against phase oscillation the beam is accelerated at off the
connected to an energy storage cavity of 1.2 m diameter crest of the accelerating voltage. Therefore, the beam
by 1.9 m length. The stored energy in this system is 8.3 current Ib is out of phase 0 with the beam accelerating
Joul, and the loaded Q is 7.2x 104. The effective voltage, where 0 is called the synchronous phase. The
impedance for the coupled bunch mode ( m=-I ) is reduced real part of the beam loading power, Re(1/2Vclb*) =
to as low as 18 kf1ring. Since the growth time of the l/2Vclbcoso, is the time average of the net energy transfer
instability is 22 msec, which is comparable to the utilized for beam acceleration. On the other hand, the
radiation damping time, this type of instability will not imaginary part, l/2Vc/bsino, is the reactive beam loading
occur. power, which can not be utilized for beam acceleration,

and reflects back to the rf generator. Finally, it reduces
I. INTRODUCTION the system power efficiency. In order to reduce this

In B-factory storage rings( 1,21, since extreme high beam reflection power and to minimize the required generator
current must be accumulated, the coupled-bunch power, the rf-cavity resonance is generally detuned from
instabilities become very serious problem. Instabilities the generator frequency, and the imaginary part is
are excited not only by the higher order modes(HOM) in compensated by bypassing through the resonator. The
RF-cavity, but also by the fundamental accelerating mode compensating condition is
itself. To cure HOM problem, various type of damped Vc
cavity have been proposed. However, according to the jWoCVc + j-- = bsin. (1)
longitudinal coupled-bunch instability due to the Thus thedetuning frequency required for compensation is
fundamental mode, no any realistic solution has been
found out, except to use a super-conducting RF cavity A 0 lbsino Im(2Vclb*)
with relatively higher accelerating field. (2)

Recently, the authorl3] proposed a possible o0) 2o0OCVc 2"-o '

solution to this problem, which uses an energy storage where W0 is the energy stored in the cavity. This
cavity connected to a normal conducting accelerating equation implies that the required frequency detuning is
cavity. Due to large EM energy stored in the storage equal to the reactive energy flow per one cycle to the
cavity, this system becomes quite stable against the stored energy inside the cavity. Therefore, in order to
longitudinal phase oscillation of the high current multi- minimize the frequency detaning we need to increase the
bunch beam circulating in the storage ring. In this paper, stored energy.
concept of the storage cavity scheme is explained briefly, For this purpose, here we introduce an energy storage
then discussions are given on problems to realize this cavity connected to a conventional single cell accelerating
system in practical machine, such as KEK B-factory. cavity as shown in Fig. 1. If the coupling between two

cavities is sufficient, the electrical performances of total
I1. THE STORAGE CAVITY SCHEME system become;

An accelerating RF cavity is usually operated at off the WA
resonance in order to compensate the reactive part of the (R/Q)tot = W--ff (R/Q)A, (3)
beam loading voltage induce by the beam. In high beam WA
current storage rings, this detuning frequency becomes Af= tAfAw-- (4)
quite large, and in a large storage ring it exceeds the Wtot
revolution frequency of the beam. In this case, the Qtot ) _o0 (5)
coupled bunch synchrotron oscillation of m*0 mode is Ptot

0-7803-1203-1/93S03.00 O 1993 IEEE 1051



RA unladed Q-value is 2.6 x 105. We connect this storage

1 + PS/PA cavity to a conventional accelerating cavity as shown in

where the subscripts A, S and tot. represent the Fig. 2. We assumed a single cell pillbox type accelerating
accelerating cavity, the storage cavity and the total cavity, which has a HOM damping structure of "Choke
system, respectively. Since we use a large volume storage Mode Cavity"[4]. The shunt impedance of this cavity
cavity, it is easy to store a large amount of EM energy. without connecting to the storage cavity is 6.3 MQ/cell,
Therefore as known by eqs. (3) and (4) the R/Q parameter which includes a degradation of -25% due to the wall
of this system becomes much smaller than that in the case dissipation power in the choke HOM damping structure.
of only the accelerating cavity is used, and the detuning The field intensity ratio: HS/HA between the storage
frequency for the beam loading compensation becomes cavity and the accelerating cavity is a free parameter. If we
very small. If we use a low loss mode in the storage increase the field intensity in the storage cavity, we can
cavity, the total wall dissipation power does not increase store larger energy, but the wall dissipation power in the
so much, and this system shows quite high Q factors as storage cavity becomes large. On the other hand, if we
indicated by eq. (5). Both small frequency detuning and a choose the field intensity in the storage cavity to be low,
high Q-factor are very important to reduce and cancel out the total stored energy becomes small, as a results the
the impedance tails at the instability resonances. detuning frequency becomes large again and the instability
Therefore the present scheme can be one of the best will occur. Here we choose the field intensity ratio at 0.5.
solution to cure the multi-bunch longitudinal instability Electrical performance of this system is summarized in
due to the fundamental accelerating mode. Since the Table 2. The total stored energy is 8.3 Joul, which is
shunt impedance of this system: eq. (6), is not degraded so twelve time larger than that in the case of using only the
much, we can operate this system with reasonable RF accelerating cavity. As a consequence, the detuning
input power. frequency is only - 15 kHz at the maximum beam current

of 2.6 amperes, which is much smaller than the beam
revolution frequency of 99.3 kHz. The system has a very
high loaded-Q of 7.2 x 104, this is comparable parameter
with that in a super conducting cavity system. Because of
this high Q-factor and the small frequency detuning, the

RF generator Energy Storage Cavity impedance tail becomes very small and the impedanceD cancellation works well between the damping and anti-
t0o Ws, PQS~ Odamping mode, finally the effective impedance for the

coupled-bunch mode of m=-l becomes 18 Lk/ring.
Since the growth time of the instability is 22 msec, andn othis is comparable to the radiation damping time, this

Coupler type of instability will not occur.

IV. DISCUSSION AND CONCLUSIONS
A. Cure of parasitic coupled resonator modes.

WA, PA,QA Since the proposed system is a kind of coupled
Accelerating Cavity resonator, it is inherent to have multiple resonances

according to the number of cavities. Two-cavity-coupled
Fig. I An accelerating cavity connected to an energy system shows two different modes( zero and nt ) according

storage cavity, to the phase difference between the two cavities. If we use
the it-mode for beam acceleration, another zero-mode will

III. APPLICATION TO appear near to the accelerating frequency, and may cause
THE KEK B-FACTORY the same instability. To cure this parasitic mode is

In the KEK B-factory, we need to store a beam current therefore a key issue in using this type of coupled cavity
of 2.6 amperes in the low-energy ring, and 1. 1 amperes in system.
the high energy ring in order to achieve the maximum Recently, Y. Yamazaki and T. Kageyama[5l proposed a
design luminosity of I x 103 4 cm-2 sec-1. Since the scheme of a three-cavity system to solve this problem.
coupled bunch instability problem is more severe in the They introduced a coupler cavity between the accelerating
low-energy ring than the high-energy ring, we discuss here and the storage cavity. The nt/2 mode is used for beam
only the low-energy ring case. The principal machine acceleration. The parasitic impedance of zero and t-modes
parameters are listed in Table 1. We assumed the are effectively damped by a coupler installed in the
maximum capable wall-dissipation power per one-cell of coupling cavity, while minimal effect on the accelerating
the accelerating cavity to be 60 kW. Then the cavity cavity. At the same time, since the impedance
voltage becomes 0.6 MV per cell and 22.2 MV per ring. distributions of zero and nt mode are almost symmetry

We use low loss mode of TEOIS in the storage cavity, around the accelerating nt/2 mode, the impedance
Such mode has been successfully used as a high-power cancellation will work well between two parasitic modes.
storage cavity in an rf-pulse compressor system of SLED As a consequence, the residual impedance due to the
at S-band frequency. The cavity dimensions at 508 MHz parasitic mode can be made lower than the instability
become a length of 1.9 m and a diameter of 1.2 m. The thresholds of R+-R_ < 290 f2/cavity.
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B. Cure of the higher order modes in the accelerating
cavity. TABLE 2: Performance of

The choke mode cavityl41 will be one of the most the Storage Cavity Coupled System
suitable structure to effectively damp all of the higher
order modes in the accelerating cavity. It is possible to Stored Energy / unit
achieve damped Q-value of less than 10 for the most in accelerating cavity WA 0.68 Joul
dangerous mode of TM II 0 by optimizing the choke in storage cavity WS 7.6 Joul
structurel6l. Since the choke mode cavity has perfect in total system. Wtot 8.3 Joul
cylindrical symmetry, the heat density of wall power Wall Dissipation Power / unit
dissipation is very uniform and there is no heat in accelerating cavity PA 57 kW
concentration at any point. Therefore, we may apply in storage cavity PS 93 kW
higher acceleration voltage per cell, and reduce the total Beam acceleration power Pb 67 kW
number of cavity around the ring. This is an important Beam accelerauio Pb 67 kW
factor to reduce the instability impedance for both of the Input RF-power / unit Pi 217 kW
higher order modes and the fundamental mode. The total Shunt Impedance Riot 2.4 MQ/cell

TMO II mode impedance is 50 kd2/m/ring. (RIQ)tot 13.6 Q / cell
Unloaded-Q Qtot 1.76 x 105
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A Two-Gap Booster Synchrotron RF Cavityt
W. R. Smythe and D. C. Van Westrum

University of Colorado
Boulder, CO 80309-0446

Abstract there has been a continuing search for an optimum
Booster synchrotrons, such as the SSC Low Energy configuration. Most of the cavity configurations

Booster, typically require a megavolt rf system which considered have been comprised of a single accelerating
must tune about 25%. The cavity proposed here is gap and a tuner which surrounds the beam line. Such
longitudinally symmetric with the gaps separated by tuners often have magnetic bias fields which result in
140° in proton phase. The two perpendicularly biased a kilogauss size magnetic field in the beam line. An
ferrite tuners are directly connected to the center alternative configuration is proposed here, which is
conductor and are located on either side of the cavity, equivalent to two such cavities merged into a single
The power tube is capacitively coupled to the midpoint cavity with two gaps, and which is distorted so that the
of the drift tube. The cavity is designed to provide an tuners are not on the beam line. The cavity parameters
energy gain of 1.88 x 90 keV. The tuner features ferrite have been chosen to match the requirements of the
toroids which are bonded with epoxy to water cooled Low Energy Booster Synchrotron of the Superconducting
copper surfaces. The cavity walls are slotted so that a Super Collider.
significant fraction of the ferrite can be tuned by high II. CAVITY DESCRIPTION
frequency components of the bias field. The basic cavity geometry is illustrated in Figure 1.

I. INTRODUCTION The gap spacing is 1.94 m, which corresponds to 1400
Since the first proposed application of trans- in proton phase for the 5.00 m bunch spacing which

versely biased ferrite tuners to synchrotron rf cavities [1], is common to all of the SSC synchrotrons. The drift
tube structure is supported in vacuum by the rf tuner
windows, which are shown in Figure 2. The tuners are

tSupported in part by the Superconducting Super located outside of the accelerator vacuum and can be
Collider Laboratory, operated by Universities Research removed and replaced without breaking vacuum. There
Association under contract with the U.S. DOE. is good access to the drift tube through the center of

FERRITE TOROIDACCELERATING GAP

SRF WINDOW

Figure 1. A partial horizontal cross section view of the cavity. The cavity consists of a long drift tube inside of a
cylindrical tank with accelerating gaps at each end. The drift tube is supported by two coaxial ferrite tuners, as a
cannon is supported by its trunnions. Not shown in this view is the power tube which sits vertically above the center
of the drift tube and is capacitively coupled to it.
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the tuners for water cooling, alignment devices, probes, important that the bias field be quite uniform at the
or even mechanical support. The power tube is mounted low frequency tuning limit, since the tuner dissipation
directly above the center of the cavity and is coupled rises very steeply with decreasing bias field. A laminated
to it by a cup-shaped, vacuum insulated capacitor. steel return yoke and coil configuration which achieves
In addition, higher order mode dampers, previously reasonable uniformity is illustrated in Fig. 4. The ferrite
described [21, would be added at each gap. is bonded by epoxy to the water cooled copper surface

III. TUNER DESIGN which carries rf current around it, to cool the ferrite.

Each tuner consists of a ferrite filled short circuited The copper surface has longitudinal and radial slots

coaxial line. As can be seen from Fig. 3, it is very extending around the ferrite. These slots inhibit eddy

.,.

POWER TETRODE
4CW 150,OOOE

R. F. WINDO

COUPLING
SFLUX RETURN YOKE / CAPACITOR

F•E R. F. WINDOWS

FERRITE TOROID BIAS COILS

Figure 2. A vertical cross section through the center of the cavity, the power tube and the tuners, looking along the
beam pipe. Each tuner can be removed and replaced without breaking the vacuum integrity.
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104 f . 1. 1 I 2I Icurrent, resulting in zero net ampere turns about the

0 0.5 1.0 1.5 2.0 tuner axis, and greatly reducing magnetic fields externalBIAS FIELD, KILOGAUISSto he unr
Figure 3. A plot of the reciprocal of the measured
magnetic Q of Trans-Tech G-810 ferrite as a function of Table 1. Calculated Performance Characteristics of the
the dc magnetic bias field, for the case of perpendicular Proposed Two-gap Cavity Design.
bias. The measurement method has been previously Frequency 47.4 MHz 59.9 MHz
described [1]. The puwer dissipation in the ferrite is Ferrite p 3.4 1.4
inversely proportional to the magnetic Q, so this plot Gap voltage, each gap 82 kV 99 kV
makes clear the importance of achieving good bias field Tuner/window voltage 39 kV 23 kV
uniformity, when approaching the low bias field limit. Copper loss 7.2 kw 10.8 kw

currents and permit high frequency components of the Q 3400 7400
bias field to penetrate a large fraction of the ferrite R/Q (Two Gaps) 92 Q• 136 !Q
volume, enhancing tuner frequency response. Ferrite Trans-Tech G-810

IV. ANALYTICAL METHODS Ferrite bias H 26,500 A/m 158,800 A/m

The primary method used to analyze this cavity Ferrite magnetic Q 4,000 10,000

has employed a transmission line model to calculate ferrite ecri Q 5,0 5,000mantc Ave. ferrite pwr. dens. 1.3 w/cm3  0.27 w/cm3

voltage distribution, currents, electric and magnetic Ferrite volume 24,100 cm 3

energy density, power loss, etc. Approximations for gap Cavity length 2.0 m
capacitance, and conical shapes were verified by use of Gap to gap beam phase 140*
the computer program SUPERFISH. The approximation Energy gain 1.88 Vpap
used for the four way coaxial intersection was validated
by use of the three dimensional computer program VI. ACKNOWLEDGEMENT
MAFIA. The advantage of the transmission line method We wish to express our appreciation to Linda
of analysis is the speed with which a variety of Walling of the SSC Laboratory who kindly used the
configurations can be explored, three-dimensional program MAFIA to provide runs for

V. SUMMARY AND DISCUSSION verification of the transmission line approximation to the

The calculated parameters of the cavity are listed in "four-way junction" at the center of the cavity.

Table 1. It is seen that the cavity achieves the desired VII. REFERENCES
tuning range with reasonable power dissipation in the [1] W.R.Smythe, T.G.Brophy, R.D.Carlini, C.C.Friedrichs,
ferrite. This cavity employs about half as much ferrite D.L.Grisham, G.Spalek, and L.C.Wilkerson, "RF
per gap as do comparable single gap cavities [1], due to Cavities with Transversely Biased Ferrite Tuning,"
its lower stored energy. The lower stored energy results IEEE Trans. Nuci. Sci. NS-32, No. 5, 2951
in a somewhat higher R/Q per gap. A major mechanical (1985).
simplification results from having a configuration in [2] W.R.Smythe, C.C.Friedrichs, and L.S.Walling,
which the beam does not pass through the tuner. Tuner "Proton Synchrotron RF Cavity Mode Damper
maintenance and replacement can be achieved while the Tests," Conference Record of the 1991 IEEE Particle
cavity remains under vacuum. Accelerator Conference, 643 (1991).
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HOM (Higher-Order Mode) Test of the Storage Ring Single-Cell Cavity
with a 20-MeV e- Beam for the Advanced Photon Source (APS)*

J. SONG, Y. W. KANG, and R. KUSTOM
Argonne National Laboratory, Advanced Photon Source

9700 S. Cass Ave. Argonne, IL 60439, USA

ABSTRACT design goal of the APS. These modes were also measured
To test the effectiveness of damping techniques of the with the standard bead-perturbation method [3]. All the fre-

APS storage ring single-cell cavity, a beamline has been quencies of the modes are very close to those predicted by
designed and assembled to use the ANL Chemistry URMEL simulation, though they are not exactly the same,
Division linac beam (20-MeV, FWHM of 20 ps). A sin- since one cannot simulate a real structure with a 2-D com-
gle-cell cavity will be excited by the electron beam to in-vestgat th efect n hghe-orer mdes(HOs) ith puter code such as URMEL.
vestigate the effect on higher-order modes (HOMs) with HOMs can be observed and identified with field probes
and without coaxial dampers (H-loop damper, E-probe by sending a beam on-axis and off-axis of the cavity.
damper), and wideband aperture dampers. In order for the Various types of HOM dampers are also tested with this
beam to propagate on- and off-center of the cavity, the measurement. The primary reason for building this test fa-
beamline consists of two sections-- a beam collimating cility is to measure those HOMs near and above the cutoff
section and a cavity measurement section-- separated by frequency of the beampipe. These modes cannot be easily
two double Aluminum foil windows. RF cavity measure- calculated well because of strong geometric effects. Bench
ments were made with coupling loops and E-probes. The measurements cannot be easily related to beam-induced ef-
results are compared with both the TBCI calculations and fects. With the beam-cavity measurement, one can evaluate
'cold' measurements with the bead-perturbation method. impedance measurement techniques such as the bead-pertur-
The data acquisition system and beam diagnostics will be bation method and the wire method with the synthetic
described in a separate paper [1]. pulse [4].

The 20-MeV electron beam will be good for testing
I. INTRODUCTION because of the similarities of its pulse shape and charge to

those of the APS storage ring bunch. Comparisons of the
HOMs of the prototype APS-SR 1-cell cavity were al- linac beam and the APS storage ring bunch parameters are

ready analyzed as shown in Table 1. The left column is a given in Table 2.
summary of the URMEL calculations [2], showing the
mode type, frequency, and R/Q. Ten modes were calculated Table 2 Main Beam Parameters
to have impedance that will cause coupled-bunch instabili- for the APS-SR System ind the Chemistry Linac.
ties near the 300 mA of positron beam current that is the

7-GeV APS 20-Me
Table 1 Mode Comparison Storage Ring Linac

Mode single Nominal Maxiz-w 1 - 60 Hz
URMEL Calculation Measurements Measurements # of bunch 1 20 60

perturbation (20 MeV Beam) average cur- 5 mA 100 300 >1.5 gA
rent ____

# mode f R/Q All 4 tuners No tuners/input

in flush coupler peak current 700 A > 625 A

(MHz) f f bunch length 27.5 vs 50 72.5 25 - 40 Ps

0 E-1 353.6 114.3 352.6 351.3 (FWHMT
0 M-1 536.7 40.7 536.4 537.3 of particle 1.2x10i 1 2.311012 6 9X0 1 2 >l.SXl01

I E-1 588.7 200 588.3 587 total charge 18.5 nC -1 -20nC
1 M-2 761.1 483 758.6 759 natural emit- I8.2 x 10-3 mm-mrad lOmm-mrad
0 E-3 922.5 5.8 920.1 919 tance I I
0 M-2 939 5.5 936.4 940
1 E-3 962 113 958 950.5
1 M-4 1017.4 63.4 1015 1018
1E-5 1145.1 29.3 1141 1146 U. BEAMLINESYSTEM
0 M-3 1210.8 5.2 1208 1205
0 E-6 1509.1 4.1 1507 1509 The Argonne Chemistry linac is an 1' band (1.3 GHz)

traveling wave accelerating structure. An electron beam (I-
60 Hz repetition rate, I - 20 nC total charge, and 25 - 40
ps bunch length) can be obtained.

*Work supported by U.S.Department of Energy, Office of A beam position monitor or beam stripline (BPM) and

Basic Sciences, under Contract W-31-109-ENG-38. an integrating current transformer used in the first section

-he submitted manuscrilp has been authored
by a contrSctlo of the U. S. Government
under contract No. W-31-109-ENG-38.
Accordingly. the U. S. Government retairn a
nonexclusive. royalty-free hlcense to pubitsh

or reproduce the publihed form of this
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are used in the first section for beam diagnostics. The BPM
serves as a triggering signal for the rest of the beam diag-
nostic system. The second section of the beamline includes
the RF cavity, two fluorescent screens (FS), an integrating
current transformer, and a beam dump. One FS is located - -

upstream of the cavity and the other downstream of the cav-
ity. A detailed description of the beam parameter measure- 4"
ment can be found in reference [1].

The second section is movable with respect to the first "
section by ± 2 cm in the X and Y directions and 10 cm
along the beamline to have a beam off-center of the cavity. I
The beamline pressure is about 1 x 10 4 Torr. - ..al p

III. CAVITY MEASUREMENT SYSTEM Fig. I HOM dampers:

WITH HOM DAMPERS (a) E-probe Damper, (b) H-loop Damper.

The results are summarized in the third column of
HOMs are measured with two H-loops and two E- Table 1. The amplitudes of most of the signals are large

probes that are connected to the cavity. One H-loop (Hi) - enough so that a 30-drb attenuation is regarded over the fre-
oriented to couple to the TM-like mode and the other H- quency span. Notice that there are more than eight HOMs
loop (H2) is oriented to couple to the TE-like mode. These above 1.3 GHz which is the cutoff frequency of the
are connected onto the ports of the equatorial plane which beampipe near the cavity. Their signal amplitudes are
are 90 degrees apart (i.e., orthogonal to each other). The above - 50 dBm and their Q-values are comparable to those
coupling with these H-loops is easily changed without of the fundamental mode. These are the modes that will be
breaking the vacuum. most extensively studied.

The E-probes are made of 1/4" Cu coaxial transmis-
sion line and connected through SS Quick-Disconnects (or MI Teit 0 [-ptlM• Iva
a Wilson Seal) to give the probe coupling flexibility. One jeo,

E-probe (El) is near the beam port, and the other (E2) is s -a, F W

near, but not on, the equatorial plane. The output of these i.. ýwma. loq 5dB/Div -

H-loops and E-probes are connected to the HP microwave
multi-throw switches and HP switch driver. These probes
are well calibrated with the calibration cavity (f0 = 1.6 - -

GHz) and the HP 8510 network analyzer. I I L-
The EPICS (Experimental Physics and Industrial I -.

Control System) software is used for control and data col- - - -

lection (mainly beam parameter measurements). The opera- . ,,, .i

tor interface (OPI) is a SUN workstation running the UNIX UP I
operating system. The SUN workstation communicates FeQ (MHz) Amplitude Pk Freq (MHz] AMplitude
with a VME-based Input/Output Controller (IOC) through 1 355 -79.97 dlm 6 1133 -80.09 dSII
an Ethernet LAN. By controlling the HP switch driver, one 2 538 -St. t4 dte 7 1150 -69.90 Oft
can switch from one probe to another easily and quickly. 3 912 -79.57 d8 8 f201 -60.07 48M

H-loop and E-probe dampers have been tested as shown 4 933 -72.74 dGa 9 1299 -8g.64 dCm

in Fig. 1. An alumina ceramic disk window is used in the 5 1048 -89.17 NOe 10 1384 -69.55 0Dm

coaxial line near the vacuum flange to isolate the ferrite
load from the cavity vacuum. The center conductor is wa- Fig. 2 HOMs in the Cavity w/o any Damper.
ter-cooled. The E-probe damper was tested successfully in
the cavity up to 100 kW CW input power [5]. The H-loop Signals from H-loops appeared to be very selective and
damper also has a X12 notch filter to avoid coupling to the sensitive to the couplings as expected. The HI probe picks
fundamental mode of the cavity. The dampers are connected up mainly TMO modes, but H2 couples only strongly at
to ports on the equatorial plane. Tests were made with only 1210 and 1386 MHz.
one E-probe damper with about 1 inch into the cavity, two To measure the damping ratio, a frequency response
E-probe dampers orthogonal to each other, and one H-loop from the E2 probe is obtained for each HOM. One is with-
damper alone, out damper and the other is with only one E-probe damper.

IV. RESULTS AND DISCUSSION Typical data are measured around 759 MHz and are plotted
in Fig. 3. The effect of the E-probe damper can be easily

Data was taken with an HP spectrum analyzer up to seen in this figure. As one can see, there are two peaks ad-
2.9 GHz and saved onto a 128 K ram card for future analy- jacent to each other. This is due to the nature of the dipole
sis. Typical data taken from the El probe without any mode. This is an E 11 -like mode. They are damped out by
HOM damper is shown in Fig. 2. Most HOMs are found, 12.4 and 9.8 dBm at 759.275 and 759.913 MHz, respec-
even though the resolution of the frequency response is not tively. One HOM at 761.212 MHz is not affected by the E-
accurate in this broadband frequency span. probe damper.
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32: 0:03 M4AY 10. 1993 turbation measurement are also tabulated in columns 3 and
IE, -85.0 We. TrEN. 0. c18 iW d" 4 for two E-probe and one H-loop dampers, respectively."RAK

-. . .. . Also shown are the calculated threshold currents for coupled
s/ - bunch instabilities in the second column. There is no effect

""-.-- on the fundamental mode to within 30 Hz resolution of
- V�- A, BW measurements of the HP spectrum analyzer. In most

,- -L .. cases, the damping ratio measured with the beam is fol-
,1, ,lowed by the bead-perturbation method. To accurately test

__ the dipole mode, at least two identical dampers are needed.
'ltrkr- Trac. Typ. Froeq r TLm Aepllt.d.

1: IA) Freq 759.; 75 14'Iz -mmg. 1t d~t.
2: 4A) F,. 759 13 M,? -_a39 d.- V. CONCLUSION AND FURTHER WORK
3: (A) FreQ 751. 12 M1Hz -1•6 .50 d13.
4: IflOCt Vy

ORM K l VEIN l P, 2,. sc The results of the HOM test with the beam-cavity
measurements agree very well overall with the previous

Fig. 3 HOM at 759 MHz (Dipole), measurements, especially for the monopole modes, but
with & without one E-probe Damper. more study on the dipole mode is needed.

HOMs near and above the cutoff frequency will be in-
Figure 4 shows the HOMs for the Monopole mode at vestigated and tested with various HOM dampers, including

940 MHz. The damping ratio is more than 20 dBm. a broadband aperture-coupling damper. Figure 5 shows
HOMs between 2.5 and 2.7 GHz.

tr t7:04 %AY 10. 1993 WA 039. 95 ,., The transverse impedance due to the HOMs will be
-4 A.J1 f1 J 10Y• 09lal -76.9O6 dO.

FEF-45.0 d I 0 -7 measured, having the beam off-center of the cavity.

- - - -1: 08:00 MAY '3. 1993 PA

R& (IFBM. V8 ATTEN 30 G23

Merker Trace Type Ft-eq ' Tim AspItLUSce I -_

1; (AW Fr9 939 i5 MzIi -70.963 a 1 Harker Trace Type Freq / Tim. Amp)ituam
2-. (A) Fr a 953 35 MIHZ -94.7B 2Ol (A) Freq 2531.5 MHz -79.23 d"
k tA) 1r, rep .4 SO X,12 -26 .26 L-. (A) Frleq 2571.5 NKz -0.09 dOs.
4: "~actlca ! (A) Frtq 2300.: M-z -- 2.43 Win

XENTER 945.0f MHz SPAN 29.00 M z 4- (A) Freq 25W3.0 ph -60.43 J
#FES OW Hz VOW 100 HZ #SNp 2S.0 sc CENTFQ 2.000 CHZ SPAA 200. 0 M•1lZ

ORES BW 100 Hz VOW 1-0 Hz OSWIlP 20.0 sac

Fig. 4 HOM at 940 MHz (Monopole), Fig. 5 HOMs above Cutoff Frequency
with & without one E-probe Damper.

Table 3. HOM Damping Ratio. VI. ACKNOWLEDGMENTS
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perturbation I 20MeV Beam) Landahl, Ed Wallace, and Portia Young for their technical

Thres- 2 E-prob H-Loop Vacuum E-probe support.

hold dampers damper lxl0-4 damper
# Current damping damping No damping

mode ratio ratio tuners ratio
No input [1] J. Song, et al., "A Beamline Design and Data Acquisition
coupler with the 20-MeV. 20-ps Electron Beam for the Higher-

mA dB dB f cB Order Mode Studies of the APS SR-RF Cavities" these
0 E-1 No effect 351.3 1 proceedings.
0 M-1 80 23 537.3 7.4 (21 L. Emery, "Coupled-Bunch Instabilities in the APS
1 E-1 81 9 587 ? Storage Ring", Conference Record, 1991 IEEE Particle
1 M-2 43 30 30 759 12.4 Accelerator Conference, pp 1713-1715, 1991.
o E-3 130 919 no 13] J. Bridges. et al., "Measurements on Prototype Cavities
0 M-2 340 27 940 22.6 (352 MHz) for the Advanced Photon Source (APS),"
1 E-3 180 950.5 N/A Conference Record, 1991 IEEE Particle Accelerator
I M-4 320 13 1018 10 Conference, pp 690-692. 1991.
1 E-5 80 5? 1146 no [4] J. Song, "Experimental Study of Coupling Impedance."
0 M-3 80 1205 no APS LS-Note-201, ANL, Oct. 11, 1991.
0 E-6 80 20 1509 not found [5] J. Bridges, et al., "High Power Operation of Single-cell

352-MHz Cavity of the Advanced Photon Source (APS),"

The damping ratios for most of the HOMs are summa- these proceedings.

rized in Table 3. For comparison, the results from the per-
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Performance of a 1500 MHz Niobium Cavity with 2K-LHe Channel Cooling*

J. Sum, P. Kneisel, and K. Wiseman
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, Virginia 23606 USA

Abstract and budget constraints.
8=1 superconducting accelerator structures are 1500 Mlz cavities have to be cooled down to superfluid

traditioally operated immersed in a liquid helium bath. helium temperatures in order to sufficiently lower the
Neverheless, several attempts have been made in the past to superconducting surface resistance of the material to achieve
make me of the numerous operational and cost advantages of Q-values of >5 x 109. At 2.0 K the thermal conductivity of
a pipe-cooling configuration: reduction in liquid helium niobium decreases to 20% of the value at 4.2 K, This imposes
inventory, minimized cooldown/warmup times, and a stronger limitation on the spacing between the cooling
elimination of the LHe-vessel, which reduces the sensitivity to channels especially if no copper layer is used.
microphonics and provides easier access to all cavity Some of the advantages of a channel-cooled configuration
omponnts. are:

This paper reports on tests performed with a 1500 MHz - Lower sensitivity to microphonics
niobium cavity with 2K-LHe cooling channels covering only a - Capability of supporting higher pressures in the
fraction of the cavity surface. The cooling channels are made cryogenic systm
of niobium to preserve the capability for high temperature- - Easiliy recoverable low helium inventory
rnealnum. - Faster cooldown and warmup times

In the initial test the cavity was immersed in a helium - Easier accessibility of components and diagnostics
bath; subsequently the cooling was only provided by cables
superfluid helium in the cooling channels. - Reduction in the number of feedthrus for rf, timers, and

The experimental results re compared to thermal model diagnos•cs
calculations. In addition, the computer model is used to - Easier assembly and disassembly of cryostat
investigate the variations in cavity performance as a function In the following sections we report on measurements
of the cooling channel geometry and thermal conductivity carried out with a channel-cooled cavity, and compare the
properties of the niobium, results with model calculations.

L INTRODUCTION HI. EXPERIMENTAL

The geometries of superconducting low-A structures such A. Cavity
as helices [1], split rings [2], or quarter-wave resonators [3] A single-cell 1500 MHz cavity with the CEBAF cell
allow the use of the structures themselves as a helium shape was modified to add cooling channels as shown in
container for forced helium flow at 4.2 KL External parts, like Figure 1.
couplers or the outer tanks, ame cooled by conduction using
composite materials like niobiumn explosion bonded to high 348
thermal conductivity copper. _

Superconducting 8=1 accelerating cavities are
traditionally cooled by immersion in a LHe bath. Early
attempts were made to change this arrangement by building ...-.
double-walled cavities [4,53 which still provided direct LHe L
cooling to the whole surface. Encouraged by the results of
computer simulation calculations of the thermal effects on -
cavities made of niobium-copper composite material [6], 51.
further attempts to reduce the direct LHe contact cooling on _,

1000 MHz and 500 MHz cavities were made in the early 80's 71
[7,8]. In these cavities cooling pipes for LHe at 4.2 K were
attached to the outer cavity surface. In the farst tests the 93
outside niobium surface had been coated with high thermal
conductivity silver, later a niobium-copper clad composite Figurel. Channel cooled cavity (dim. in mm).
was used to take advantage of the high thermal conductivity of
copper combined with the superior features for attachment of The cell of the cavity was manufactured with high purity
cooling channels by either brazing or electron beam welding. niobium with RRR > 220 supplied by Tokyo Denkai. The cell
Even though these experiments were successful and was postpurified at 1400°C for 4 hours in the presence of
demonsrated the feasibility of the pipe cooling concept at 4.2 titanium as a solid getter material [9]. As indicated by
K, they were not further pursued because of schedule pressure measurement on samples, the thermal conductivity had

improved by at least a factor of two after this treatnent.
7bi wink was uppoqf by DOE Cmmzac DE-ACOS-4ER40150.
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B. Test sequence results, (Figur 5). For all other cases presented in Table 1.
A standard chemical sUnace treatuent was applied to the one property was changed from the base case. A reduced bath

cavity. It was subsequently attached to the cryogenic testing lo" ....

station and pomped to a vacuum of <5 x 10-7 tori. The first
measurement of the Q-value as a function of if field was done 0 imul T--.o K
with the cavity fully immersed in LHe. In the second & 7•.-5 K

measurem t, the cavity was cooled only by the LHe inside - t . K
the cooling channels. Between these tests the cavity remained € • • 1-1.5 K

under vacuum, and no changes in the ton arangement except
for the cooling wae made. The test arrangement is shown , A

schematically in Figure 2. d I Ole Vt00' "'Cavity 0 0
V a c u u m 0 0 2 T"

WIHe

- 0l , , ,I.. t . . I . . . . * . . . I . .

0 10 20 30 40 50 60
0LE (MV/m)

Fgure 3. Oo as a function of peak surface field Epeak for the
RF tested cavity at2.0 Kand L.K.
Probe

38 9...... .............. I.....

0 dul emob T-1l. K
£ A dihm"rel Tg-2.0 K

-'%eS0^V34

%%32

30

Figure 2. Test arrangement.Jg

C. Measured resmulu2
Experimenal results are shown in figures 3 and 4. The 26

fully immersed cavity reached a peak surface field of
Epeak=55 MV/m at2.0K, and 57 MV/mat 1.8 L When the 240 • , 1, , 2 3000

cavity was cooled only through the cooling channels, it Filling Time (msec)
performed as well as the immersed cavity up to a the peak
surface field Epea= 27 MV/n at 2.0K and E,&-35 MV/m Figure 4. RE-peak surface field vs. rf-pulse length (50% duty
at 1.35 K. Pulsed-rf operation increases significantly the cycle).
attainable fields as shown in Figure 4. Ftemperaure of 1.8 K gives the predicted improvement in
D. Computer modeling The most critical faco is shown to be the size of the cooling

Several alternative geometries cm be explored with the channel Other factor investigated showed little deviation
aid of computer modeling. A program developed for pipe- from the be cWe up to the maximum calculated field.
cooled Nb-Cu cavities [10] was modified and adapted to the The defect was modeled as a 400 mm 2 ring located 12
channel-cooled niobium cavity. num from the central cooling channel. The defect element

The results obtained by varying seveal parameters are contributed 0.5 W to the power dissipated at an Epeak of 9
shown in Table 1. MV/.p

The experimental model parameters are toen to calculate
the base case. It is defined by a He-bath temperature-2.0 K, H. CONCLUSION
wall thickness=3.2 mm, cooling channel length=100 mm, and
a niobium thermal conductivity of 40 W/m/K at 2 K. This case The test results confirm the computer calculations. They
shows a three percent reduction in Q0 at a peak field indicate that a channel-cooled cavity made from high thermal
Epea=18 MV/m and agrees very well with the experimental conductivity niobium ean perform nearly as well as a fully

immersed cavity up to cw peak surface fields of 27 MV/m,
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TABLE 1. mow1 ,a,_
EXPEL Ca 2 Cue3 Cm 4 cose5 Cm 6 EX. MODEL

CASE W DEFECT
k=l0 k=70 k,40 k,40 kz40.5 k=,40 k,40

FULLY 7W T0-2 TW Tlb2 lbul.8 Tb2 "b2
ThERSED 0=100 0=100 0=100 0=100 03=100 0=76 0=100

AT2K 643.19 tUP3.15 dm,4.18 '=2.1$ th=3.1S tb=3.18 tb=3.18
EP 9 9 9 9 9 9 * 9 9

00 1009 10.091 10J7 10.032 10,032 10.0 15.027 9.971 3-M27
P 0.2815 0.233 02132 0232 0.2835 0.1891 02849 0.7952

1-11i 15 13 15 1S 11 15 13

Qo z1009 10.091 9.331 9.056 9.851 9.797 14.120 9.580 3.51
P 1.126 1.156 1.153 1.154 1.160 0.767 1.186 3.391

Ep 36 27 36 29 22 25 20 25
Qo0x 109 10.091 9.4,6 9.101 9.456 9.660 14.546 9.461 2.631

P 4.504 2.695 4.995 3.076 1.694 1.531 1.453 L464

Tob, m bob iuypo t (Kadv) -udime Wmah (nu,) EEp. (MVIaM)
kmodail canducavey a lb (WAWK) &MAsR thidmsu (umM) Padisad pwe" (wars)

loll . during the cryogenic tesms.S... ' ... '....' ... ' ... '''Many thank to the DE.SY rf group and F. P. Vogel (now

o 0 (msmwd) 7-2.0 K with Siemens AG) for providing the computer program for the
A h (Tamo," 7r.0o K pipe cooling calulations.
+ g. (mmsmsmd 7-2.0 K
0 dommd aIngp (osukmaIed) 7-2.0 K
* don" I easi-g. (dmkafd ,ft dust) T-o.0 K V. REFERENCES
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Large scale production at Ansaldo of 352 MHz niobium coated
LEP-CERN cavities: development activities and first results.

A. Bixio, P. Gagliardi, M. Manin, S. Moz, W. Sciutto, F. Terzi, G. Zoni
ANSALDO GIE - Magnet & Special Product Div.

v. N. Lorenzi 8, 16152 Genoa, ITALY

Abstract II. MANUFACTURING PROCEDURE

The program of energy upgrading of LEP needs The production of superconducting RF cavities,
about 200 superconducting RF cavities of 352 MHz needs high technology plants (Table i) to ensure excellent
frequency. quality of each manufacturing procedure.
Since 1984 CERN has developed a method to produce Half cells are made by spinning or by deep drawing from
niobium coated cavities by sputtering procedure. OFHC copper sheets and chemical treated by
During last years, an intensive collaboration between OFCcopper sheets ad emica treated byAnsldoandCEN, as arredoutthenecssry ranferofelectropolishing. The 4-cell assembling is performed by
Ansaldo and CERN, has carried out the necessary transfer of electron beam machine to weld all the components from the
technology from laboratory to industry. inside. So the whole cavity is tuned at the resonant frequency
In this paper we present the activities developed for a series and the field profile adjusted to reach the necessary field
production of 13 cryomodules, with special attention to the flatness within a +/- 5 % of maximum deviation of the field
first rf results. pn of each cell, from the average value.
The excellent performances obtained with the first cavities The chemical polishing is performed by a circulating bath to
gave a confirm of the feasibility of the production of high produce a deoxidized, high polished surface which
quality superconducting cavities at Ansaldo. guarantees a good film adhesion: then the cavity is rinsed

with demineralized water and alcohol and finally dryed.
I. INTkODUCTION Niobium coating of internal copper surfaces is made by

magnetron sputtering. After coating, cavity is rinsed again
For several years CERN developed the necessary with ultrapure (18 MOhm cm) water jet by a moving tube

technologies to produce superconducting cavities required by and dried. All these operations about rinsing and drying are
the LEP energy upgrading project [I]. executed under high cleanness conditions in cl.l00
That development work started, at CERN, with the clean-room to avoid any kind of contamination
construction of bulk niobium cavities. However at high Then cavity is sent to CERN for RF test at 4.2 K: if RF
accelerating field, the RF performance of a superconducting performance is acceptable (Target values: Q0= 8.0 10' at
cavity is mainly limited by strong dissipation of the stored Ea f= 0.1 MV/m and Q0= 4.0 10W at E,,= 6 MV/m) the cavity
power because of low thermal conductivity of niobium at is ready for the assembly of He-tank, tuners and cryostat;
liquid helium temperature. otherwise, in case of poor RF performance because of bad

In a superconducting material, the penetration depth
of the electromagnetic field is a few nanometers. This
characteristic induced CERN laboratories to develop a new
technology [2] to produce 4-cell cavities with the internal
surfaces coated by a very thin (I micron) niobium film: this
solution reduces considerably the RF losses at cryogenic
temperature.
During last years the necessary technology for a large scale
production of Nb/Cu cavities has been transferred from

CERN to Ansaldo [3].
At the end of 1990, Ansaldo drew up a supply

contract about 52 superconducting cavities equipped with
cryogenic and RF components, and assembled in 13
cryomodules for LEP 200 project. (Fig. 1)
Now Ansaldo is equipped with high-tech manufacturing
plants to carry out the industrial production of 352 MHz
superconducting niobium copper coated cavities by
magnetron sputtering [4]. Fig. 1 - Assembly of a 4-cavities module
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Table 1
352 MHz Nb/Cu LEP cavities production - Installations in ANSALDO

CLEAN-AREAS
- cl. 100 clean-room for Nb cathode mounting, cavity rinsing and drying
- cl. 100/1000 clean-rooms 30 m. long for module assembling
- Laser particle counter monitoring system

CHEMICAL PLANTS
- Electropolishing plant for components treatment
- Chemical polishing plant for 4-cell treatment: both plants operate under computer control
- Chemical degrasing equipment for stainless steel UHV components
- Water demineralizing 2-level system and ultrapure (18 MOhm cm) water plant for final cavity rinsing

BRAZING AND WELDING INSTALLATIONS
- Electron beam welding machine:
- - two guns of 6 KW and 70 KW output power with 90 0 magnetic deflector
- - stainless steel vacuum chamber 32 m3 of volume, at present one of the larger EB welding equipment in Italy

- Vacuum electric furnace for copper tube-stainless steel flange brazing
- - 280 litres volume; ultimate vacuum of 10'6 Ton. at 1320 0C

SPUTTERING PLAI_
- UHV turbomolecular pumping system
- Diagnostic system with quadrupole mass spectrometer for residual gas analysis
- Cathode power supply 800 V /50A
- Data acquisition system for continuous monitoring of sputtering parameters

DIAGNOSTIC DEVICE
- Cromatography system for chemical solutions analysis (Anions, Cathions, Alcohols analysis)

film adhesion or film contamination, cavity is stripped, Then cavity is carried in a cl.100 clean room to perform the
chemically treated and Nb coated again, final rinsing with ultrapure water and ethanol, and dried
Finally each cavity with cryostat is assembled in a 4-cavities under dust free air laminar flow.
module in a cl.100 clean room and mylar alluminized
superinsulation blankets for thermal insulation are installed. B. Niobium sputtering

A. Chemical treatments Niobium coating of cavity internal surface is
performed by magnetron sputtering with a glow argon

All copper components, half cells and cut-off tubes, discharge.
are degreased and prepared, before welding, with The large volume of a 352 MHz 4-cell cavity and the
electropolishing treatment. peculiarity of its geometrical shape, has necessarily induced
First a thorough decreasing is carried out with alkaline to carry out a sputtering system with cylindrical
detergent at T = 60 °C with ultrasonic agitation. Then the configuration: a niobium cathode coaxial to cavity is used
electropolishing eliminates the layers damaged by the copper and an internal set of magnets ("magnetron") gives the
sheet lamination or any other manufacturing process. necessary rate of argon ionization to obtain the uniformity of

This treatment removes about 100-120 microns from the film both on the equator and on the iris regions.
the inner surface of a half cell, using a mixture of phosphoric This configuration, together with the intrinsic instability of
acid and n-butanol at room temperature with a current the argon discharge, involved many efforts to define the
density of about 5.5 A/din2 . sputtering parameters (Ar pressure, cathode voltage and
After assembling the cavity is treated with a circulating bath magnets current).
(sulfamic acid, n-butanol, hydrogen peroxide and ammonium In particular we had to perform a fine adjustment of the
citrate) at T - 72 +/- 2 °C, for about 45 min., to produce a electronic control unit between cathode and magnetron power
removal of 25-30 microns. supplies to minimize the oscillations of the discharge at such

a low argon pressure of 6.0 10' Ton'.
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The niobium RRR values as well as the RF performance of After these first results, a continuous increasing of the
the cavity at liquid helium temperature, are strongly affected Qo-value was obtained and high quality niobium coated
by any kind of contamination which may occur before, during cavities were produced (Q = 5.4 10W at 6 MV/m). (Fig. 2)
and after the coating process. We also noted that, in some cases, a second standard water
Residual components of the chemical bath may remain rinsing of the cavity after niobium coating, may increase the
trapped inside surface microdefects and they could cause poor Q0-value expecially at high accelerating field.
adhesion of the niobium film.
So before coating, cavity (under vacuum) is submitted to a IV. CONCLUSION
baking process of about 24 hour at 200°C: that also drastically
reduces the probability of film contamination by surface
degassing during the film growing. Series production of superconducting niobium
Another sort of contamination could come from the niobium copper coated cavities for LEP is a very important result for
cathode: some high power sputtering process are useful for a European industries. Many efforts have been carried out in
good niobium conditioning before starting with the coating of Ansaldo to develop and get ready the necessary technologies
a copper cavity for series production. about chemical treatments, electron beam welding and thin
The sputtering plant is also equipped with a diagnostic system film deposition.
for residual gas analysis: a quadrupole mass spectrometer is At present Ansaldo is delivering to CERN the first
used and the rates of argon and nitrogen are continuously accelerating module fully equipped with tuning system, RF
monitored during the process. couplers, diagnostic devices and the assembly of the second
At last, great attention has to be paid during the final water one is being done.
rinsing to eliminate the large amount of electrons which may Ansaldo plants have showed their reliability in large scale
be trapped on the niobium film. production of high performance cavities according to the

specifications required by the LEP 200 project.

III. FIRST RESULTS OF RF TEST
V. RESEARCH AND DEVELOPMENT WORKS

We send each cavity to CERN laboratories for RF
test at 4.2 K temperature: that consists in a high power RF Ansaldo is also engaged in cavity production for
test to evaluate the Qo-value vs. accelerating field Eacc and, INFN-LNF. The design of two accelerator modules has been
eventually, in a temperature mapping of the cavity to identify completed and the production of two 4-cell bulk Nb and
the causes of field and Q, limitation. Nb/Cu coated prototypes started. On the basis of the
A conditioning process of the cavity (He processing) is also experience we carried out during LEP cavities production, we
performed to eliminate the electron loading effect. are developing, in collaboration with INFN-LNF/TOV
The RF performances of the first cavity prototypes, were (Frascati and Roma -Tor Vergata) and INFN-LASA (Milano),
badly influenced by a sort of soft global contamination of the a method to produce a 500 MHz niobium coated 4-cell
film perhaps caused by low conditioning of niobium cathode, protoype.
stainless steel vacuum components or copper cavity surface.
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Fig. 2 - Q0 vs. accelerating field E. (courtesy CERN)
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RF Hardware Development Work for the CLIC Drive Beam.
G. Carron & L.Thomdahl

CERN, 1211 Geneva 23, Switzerland

ABSTRACT A further requirement is that the structure should work as a

It is foreseen that the transfer structures (CTS) of the "pulse stretcher" by extracting from each train of 43 bunchlets
drive linac will produce 40 MW, 11.4 ns, 30 GHz RF power (lasting 1.4 ns) a 40 MW RF pulse lasting 2.84 ns is met
pulses for acceleration purposes in the CLIC main linac, by using a forward wave in the waveguide as shown in Fig. 2
Extensive model work, using the beam simulating wire where a single bunchlet is followed as it crosses the
method, has been undertaken in order to study the properties structure.
of the CTS with oversize models working at 8.6 GHz. At Trcre.
present a real size Cu 30 GHz CTS is under construction for There is constructive superposition in the waveguide of 43
beam tests in the CLIC Test Facility. A second Cu structure successive RF wave packages (from the 43 bunchlets) spaced
is in preparation for power testing with an MIT 33 GHz FEL in time by one RF period (33.3 ps) to create a rising flank
power source. Further work is the development of power (1.4 ns), a flat top (1.4 ns) and a falling flank (1.4 ns) for the
phase shifters and, inspired by the SLAC SLED-II studies [I], output pulse. Four successive bunchlet trains (43 bunchlets
investigation into the use of longer RF pulses (than 11.4 ns) each) create a global pulse approximately 11.4 ns long (flat
from the CTS (by a factor 3-4) combined with pulse top) to fill a module of the CLIC main linac.
compression. With longer RF pulses the drive beam
bunchlet generation should become easier since the total drive
beam charge of 7.04 jiC would be distributed over more
bunchiets.

DESCRIPTION OF A PERIODICALLY LOADED /
CLIC TRANSFER STRUCTURE (CTS)

In the CLIC design the drive linac uses four trains
spaced by 2.84 ns of 43 bunchlets (1 cm bunchlet spacing, g
40 nC each) to produce via the transfer structures 30 GHz I

ns train spacing all 4 trains can be preaccelerated at 352 MHz.

The structure shown in Fig. 1 consists of a smooth I
round beam chamber containing two coupling slits into two a) b)
periodically loaded (with "teeth") rectangular waveguides. The
TEM wave accompanying the bunchlets has radial electrical Fig. 2:
fields and azimuthal magnetic ones at the slits causing a) Arrival of a bunchlet at the structure. The waveguide
constructive excitation of a hybrid forward mode in the extremity is immediately energised (no output power yet).
waveguides (useful power) and non constructive excitation of b) The bunchlet exits the structure g/c later leaving the
the backward mode (not useful, terminated). The forward waveguide energised over the length g(l-p3gr).
output is intended for acceleration in a module of the main Total RF pulse duration: g(lAgr-1)/c
linac. The condition for constructive interference between the TotalnRrmpulse dron: geloitgthl)/c
beam and the hybrid mode is that the it has a phase velocity [gr: normalised group velocity in the waveguide.
equal to c at the operating frequency; this is obtained by
loading the waveguide with the periodic "teeth" structure. SCALE MODEL MEASUREMENTS

7 93 The TEM fields of the bunchlets have been simulated by a
Z•- =300 Q transmission line situated at the centre of the
beam chamber. At each extremity of the oversize model (scale

a3.34 factor--3.5, 8.6 GI-z instead of 30 GHz) conical matching
transitions from 300 to 50Q have been installed adjacent to

2.65 damping sections against TEM, TE and TM modes of the
chamber. There is adiabatic matching of the hybrid mode to
the terminated TEIO output waveguide by gradual "teeth size"

" - reduction at the extremities(see figs. 3 and 4).
The longitudinal beam coupling impedance ZL(OW) of the

Fig. 1: Upper half of the vertically symmetric CTS model is obtained from a calibrated (the coupling slits areshowing the round beam chamber and the upper periodically closed for calibration) measurement of the transmission
loaded ("teeth") waveguide with W/3 cells.Units: millimeters.
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$21(w) along the wire in the frequency range 0-40 GHz
(This includes the three first harmonics of the scaled bunchlet
frequency 8.6 GHz): 25-m 2SL 0 8

ZL(O) = 2 ZO 1-521(W)) S21(0))

Multiplying the beam current spectrum i(wo) with ZL(wo) and
applying an inverse Fourier transform, we obtain the beam 3.56.o.

wake. In a similar way i(O) S'21 (w) and inverse Fourier
transformation yields the output power pulse(S'21: 60.2

transmission from wire input to structure waveguide output
port). .. ............ ....

R6

Fig. 4: Vertical cross sections through the Cu CTS
prototype showing the central beam chamber and the periodic
waveguides and a top view with flanges for WR28
waveguide.

One of the 30 GHz structures is intended for studies with
beam in the CLIC TEST FACILITY. The delivery of the first
unbrazed unit is imminent and the beam/wave synchronism
will be checked with the wire method. The feasibility of an

Fig. 3: Scaled CTS wire model for 8.6 0Hz. The periodic electrolytic method for "teeth tuning", if necessary prior to
waveguide has been cut into 2 pieces; the piece to the left is brazing, is being considered.
upside down to visualise the coupling slit and the periodic
loading. The wire is too thin to be seen.

Both wake and output pulse obtained are in good agreement
with recent results from MAFIA calculations [3].
Furthermore the MAFIA and the wire method indicate that
HOMs cause insignificant loss factors compared with the

fundamental. RF leakage through the coupling slits may be
the mechanism that prevents HOM confinement in the
waveguide.

30 GHZ COPPER CTS PROTOTYPE

Recently a real-size prototype design was undertaken to
investigate manufacturing possibilities as well as precision
and RF breakdown problems. The design should be suited
for mass production, since the 2 drive linacs of the project Fig. 5: One end of the 30 GHz CTS prototype made from 2
would require about 12 000 units distributed over 6 Km of sidepieces (only one is shown in a horizontal position) and
active length. The design proposed, see figs. 5 and 6, the 2 precision spacers forming the waveguide ceiling with
consists of 2 side pieces forming the central beam chamber
and the coupling slits held together by 2 comb like precision periodic loading (courtesy KM -Kabelmetall AG).
spacers. The necessary tolerances (-5g) were evaluated with
MAFIA [3] and it turned out that mainly the teeth parameters 30 GHZ POWER PULSE COMPRESSOR
mattered for the beam/wave synchronism; the most important The purpose of the pulse compressor is to ease the
being the distance between teeth. One prototype for 33 GHz drive bunchlet production by distributing the total drive beam
power testing at an MIT 40 MW FEL power source as well as charge of 7.04 ttC over, say, 12-16 trains of 43 bunchlets
two 30 GHz structures are under construction by industry, rather than 4 trains as in the original CLIC design. An

experimental compressor for 11.5 GHz using SLAC SLED-II
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components was built and measured at low level to gain A reflecting iris is situated between the coupler and a
general experience and to check that sufficient bandwidth is round shorted TE0 1 resonator with an el. length of half the
available for the CLIC drive pulse (360 oscillations instead of output pulse length. The right half of the device is
860-1720 at SLAC). Transmission measurements S21(0) and symmetrical to the left one and contains a second mode
inverse Fourier transformation of S21(03) * I(to) show that converter with a rectangular output flange.. Since the mode
the compressed pulse, even in the case of only 240 converter is considered the component with the highest field
oscillations, suffers little from the limited device strengths (in the flower petals) a version for 33 GHz is under
bandwidth.(see fig. 6, I(w): Fourier transform of compressor construction for power testing at the MIT FEL power source.
input pulse). Furthermore the compressed output pulse
contained 78% of the input pulse energy. One of the device
inventors, A.Fiebig, had previously estimated that efficiency POWER PHASE SHIFTER
to be 82%. RF quadrupoles in the main linac will be powered by CTS

units in the drive linac. In order to adjust the
I ,________ focusing/defocusing strength one method could be to arrange

_ _ __-_ output quadrupoles in pairs with phases 0 and --o such that for 0=90
, -" __ ___, deg. the strength is zero and maximum for 0 deg. This

I ,______ requires power phase shifters for 30 GHz as shown in fig. 8.

input The component is based on a TEl0 waveguide (WR28) with
SI - • variable width. The ceiling and the floor of the guide contain

- 1 ,• i • in the middle (where there are no transverse currents) a rounded
, I j 'I i I slit of variable width (slotted line). The waveguide halves are

"".. 1 iI brazed to a thin-walled vacuum tube and the slit width is
rI __"__ -1 changed by squeezing . Slit width and rounding radius have

S [I . .. been chosen to keep local field increases below 50% and the
_r-*1 shifter range is +- 90 deg.. A 33 GHz prototype is in

0 . " preparation for power tests.

Fig. 6: Relative amplitudes of compressor input and output
pulses (time compression factor = 3). Horizontal: 120 oscJdiv

Since twice as many compressors (-24 000, one per
output channel) would be required as transfer structures it is
important to simplify their construction. Fig. 7 gives a
sketch of a concept for mass production based on 10 machined
Cu pieces assembled by brazing (this design has neither been
measured nor built). To the left is the input mode converter
from the rectangular TElO waveguide to the circular (low
loss) TEO1 mode through 4 slits (flower petals) followed by a
hybrid 3 dB coupler (coupling slit between the 2 TEO1 Fig. 8: Cross sections of power phase shifter.
waveguides).
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Accelerating Frequency Shift Minimization.
A.V.Tiunov,V.I.Shvedunov

INSTITUTE OF NUCLEAR PHYSICS, MOSCOW STATE UNIVERSITY
119899 MOSCOW , RUSSIA

Abstract

A method of thermocompensation of the resonante (.4 (b,

frequency shift for accelerator structures is proposed.
Using the bimetallic construction allowed us to design the
accelerator structure without the resonante frequency shift
under rf power. The results of computer simulation of I Jil.,
thermal conditions for the on-axis coupled structure are
presented. Al-

I. INTRODUCTION

Room temperature continuous wave (cw) accelerator L

structures have been applied in developing cw racetrack Fig. 1. a) - Parameters of the OCS,
microtrons (RTM) with output energies of hundreds of b) - distribution of rf losses among
MeV and industrial accelerators with output beam energies structure element.
up to 10 MeV and beam powers of hundreds of kilowatts as was applied. A common finite element mesh generator
well as accelerating cavities for storage rings. Considerable simplified the processing of the data.
progress in the development of accelerator structures for Fig. 1 shows a cross-section of accelerating and
RTMs has been achieved at Mainz University (Germany) coupling half-cells profiles and the basic dimensions of a
/1/ and NIST (USA) /2/, in the design of high power p-1 cell for a rf frequency of 2450 MHz. For the p<1
industrial accelerators on the basis of cw accelerator accelerating sections, the cells differ only by their length
structures - at AECL (Canada) /3/. and gaps between the noses. The absence of elements with

The main problem in operating room temperature cw spherical surfaces reduces the structure's effective shunt
accelerator structures is the high levels of rf power impedance, ZT , by several percent, yet, it also simplifies
dissipated per structure unit length (from 10 to more than the cells fabrication and tuning and allows the coupling
100 kW/m). Due to heating and deformations of these slots to be a greater distance from the structure axis in a
structures: a) there is a frequency shift in the accelerating magneticfieldof highermarnitude. Thus the same coupling
and coupling cells, b) there are changes in a stopband constant, as for the cavities with spherical surfaces, can be
frequency gap and c) distortions of accelerating field obtained with a smaller azimuthal angle of coupling slots,
distributions take place. i.e. with a smaller reduction in shunt impedance. The

A cw RTM of 175 MeV output energy and average calculated values of the quality factor ard the effective
beam current of 100 mA is presently under construction at shunt impedance are Qo - 17500, ZT" = 92 MW/m,
the Institute of Nuclear Physics of Moscow University /4/. respectively. This calculation doesn't take the influence of
In this paper accelerator structure characteristics and the the coupling slots into account.
results of a numerical simulation for thermal stresses, The density distribution of the rf losses over the
which allows a suggestion for an accelerator structure surface of an accelerating cell is shown in fig. lb. An
version that is free of frequency shifts during the structure analysis of the thermal stresses was carried out for a
start-up are discussed. structure with peripheral cooling. Fig. 2 shows a-depend-

ences of accelerating and coupling cells frequency shifts for
II. ON-AXIS COUPLED ACCELERATOR p-1. I kW of rf power was dissipated in a single accelerating

STRUCTURE CALCULATIONS. cell. In order to ensure the correct description of boundary
conditions, the calculations of thermal deformations were

The electrodynamic characteristics were calculated carried out for a significantly long structure, and
and optimized using the computer code PRUD-O /5/, and deformations of the central cell were used to estimate the
for the thermal stresses analysis the program HAST /6/ cells frequency shifts. The accelerating cell frequency shift

0-7803-1203-1/93$03.00 C 1993 IEEE
1069



that web cooling in addition to circumferential cooling
Fig. 2. reduces the accelerating frequency shift by a factor of 2.5.

Accelerating However, the problem can not be completely solved by more
(1) and -2000 elaborate cooling circuits. Though it is possible to reduce
coupling (2) _-1600 temperature gradients and to increase construction rigidity

cells by increasing the web thickness, it would result in extreme
frequency shift -1200 changes of the effective shunt impedance /7/.
versus a heat The accelerating frequency reduction is caused by

transfer - B0o increasing the cells volume and displacing the construction
coefficient. - 400' elements relative to the initial positions. However, the

2 .displacement of some construction elements, in particular,
0 1000 a , W/nm/deg an increase of the gap between the accelerating cells noses

increases the accelerating cells freqaencies. Thus, by
changing the picture of deformations it is possible to

for 0==l, a >10000 W/m/ 0 C is Afa=-455kHz/kW/cell. The completely compensate frequency shifts during start-up.
frequency shift of the coupling cell is Af c = -1300 Two methods of the frequency shift compensation
kHz/kW/cell. So a stopband frequency gap of 845 kHz per calculated using the programm HAST are discussed: a) by
I kW of dissipated rf power appears i:0 the structure tuned realizing more extensive cooling circuits and b) by changing
at a low rf power level. the picture of deformations using bimetallic constructions

Understanding the time dependence of frequency made on the base of copper and molybdenum. Fig. 4
shifts is important for the development of the start-up pro- illustrates different variants of molybdenum insertions and
cedure. According to calculation the time necessary to reach an additional cooling channel location near the axis. In all
thermal equilibrium is about 20 - 25 seconds. In order to the design possiblities, circumferential cooling is assumed.
estimate the coupling slot influence, 3-D calculations of The results of calculations for these variants are listed in
temperature distributions were made using the code HAST. table 1: frequency shifts and effective shunt impedance
3-D approximation of form of OCS using HAST is shown reduction are all normaliz-d to 1 kW per cell of the
in fig. 3. The azimuthal temperature variation, which is dissipated rf power; ; maximum levels of the dissipated rf
affected by the presence of coupling slot, doesn't exceed power and maximum energy gains per unit length are
1.03 C, thus when accounting for, the coupling slot can not limited by elastic limit deformations. The calculations were
essentially change the results of 2-D calculations. carried out for a single half-cell, this limitation reduced

frequency shifts by 50 - 100 kHz. In the most interesting
Fig.3. Form

approximations of OCS in

C1 cooling channel
0 molybdenum insertion

Fig. 4. Different variants of molybdenum insertions and
of additional cooling channel.

III. ACCELERATING FREQUENCY SHIFT cases, the results were specified by calculations made fora
MINIMIZATION. greater number of cells. These cases are marked by an

asterisk in table 1.
Accelerating frequency shifts during start-up con- From the analysis of the results given in the table I

siderably complicate the operation of the accelerating the following conclusions can be drawn. The minimum
sections under cw conditions. That is why a desiZn of an frequency shift without additional cooling takes place in
accelerator structure with minimal frequency shifts is of variant 3. Compared to the initial variant, 1, the frequency
great interest. Frequency shifts can be reduced by shift is reduced by a f,-tor of 4, that the energy gain limited
designing more extensive cooling circuits. It was shown /6/ by copper elastic limit deformations is 1.65 MeV/m. An
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energy gain of 2.8 MeV/m was obtained with additional 131 J.Mckeown et al. Proc. 1981 Linear Accelerator Conf.
nose cooling without molybdenum insertions with the Santa Fe, 332
frequency shift reduced bya factorof3comparingtovariant 14 1 A.S.Alimov et al. Nucl. Instr. and Meth. A-326 (1993)
1 . A high energy gain and a positive frequency shift 243
calculated for a single half-cell, were obtained in variant 7. 151 A.G.Abramov et al. Preprint IHEP 83-3, Serpuchov
However, the specification of boundary conditions for an (1983), in Russian.
increased number of cells, gives a frequency shift of -40 161 A.G.Abramov et al. Preprint IHEP 84-64, Serpuchov
kHz/kW/cell. Finally, a positive frequency shift of +90 (1984), in Russian.
kHz/kW/cell was obtained in variant 8, calculated for [71 J.P.Labrie and H.Euteneuer. Nucl. Instr. and Meth.
several cells, which can compensate a frequency shift A-247 (1986) 281
caused by water heating. A positive frequency shift was [81 M.K.Brussel et al. Report of Nuclear Physics
obtained as a result of increasing the gap between the Laboratory Universityof Illinois (December 1984) IV-
accelerating cells noses by 22 mm, normalized to I kW of 52.
the rf power. A comparison of deformations for this variant
with variant I is given in fig. 5. The large value of TABLE 1 The results of calculations for different
deformations limits the energy gain to 1.54 MeV/m. As the accelerator structures
energy gain increases for a fixed beam power, the variant Pmax Af/ AP AZTz/ZTz AW
accelerator efficiency is reduced. This variant of the No [kW/m] [kHz/kW] [*] [MeV/m]
structure can be used for racetrack microtrons with typical 1 45.5 -345 b 4.2 1.68
energy gains of I MeV/m and for industrial linacs with -4, 5V
beam powers up to 100 kW and energies up to 5 MeV. The 2 39.4 -282 4.2 1.62
absence of frequency shifts during start-up makes it 3 41.5 -86 4.3 1.65
possible to design multi-section accelerators with a simple 4 130.8 -114 2.4 2.8
rf power system. It should be noted that the discussed 5 121.8 -69 2.4 2.72
results were obtained for theon-axis coupled structure. The 6 139. -46 2.5 2.85
positive frequency shift was obtained to a considerable 7 128.2 -+8 5 b 2.6 2.75
extent by reducing the coupling cells resonant frequencies. -40
For variant 8, the coupling cell frequency shift is -7 8 35.9 +90.3 5.2 1.54
MHz/kW/cell. This shift, however, can be compensated by
preliminary coupling cells tuning at higher frequencies.

Fig. 5. Comparison of deformations for variant 8 and

variant I.
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Calculations and Model Measurements for the Euterpe Cavity

J.A. van der Heide, M.J.A. Rubingh, W.J.G.M. Kleeven, J.I.M. Botman, C.J. Timmermans and H.L. Hagedoorn,
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, Netherlands.

Abstract and Introduction A-%" Pi- -dfiqg W

The 400 MeV storage ring Euterpe[l] is under con- ) z U
struction. A quarter wave cavity (45 MHz, 50 kV) will
accelerate the electrons. Due to space limitations the cav- t
ity length should not exceed 0.5 m. Therefore three special n
geometries are considered which have an 'electrical length' 1ip
several times the physical length of the cavity. The first
employs radial transmission line folding, the second lon- b)

gitudinal folding and the third capacitive loading of the
transmission line. Transmission line theory is used to pre-
dict the cavity properties. Good agreement is found with
SUPERFISH calculations. The capacitive loading option
is superior considering its simplicity of construction and C) I
high shunt impedance. An LC equivalent circuit is used
to model the impedance matching w.r.t. the rf generator. I-
Results are in good agreement with measurements on a r /

scale 1:1 cold model.

I. RADIAL FOLDING Figure 1: Three types of A/4 transmission line cavities a)
employing radial folding, b) employing longitudinal fold-

The phase velocity of a voltage wave on a transmis- ing, c) employing capacitive loading.
sion line is v = I/IV7J, where L and C are the inductance t

and capacitance per unit length respectively. To lower the )b) L iLi'
effective wavelength one may increase L or C. Fig. la a) -------------

shows a cavity derived from a coaxial line but with C in- eI 7 •-• z""creased substantially by the presence of disks connected --- I c- CCU 2 ceH N

to the inner and outer conductors. One cavity cell can be
M

represented by a series inductance AL and a shunt capac- )

itance AC. The inductance AL = L , + L2 + L3 is simply "'
the contribution of three sections of coaxial transmission . . •.C
line as indicated in Fig. 2a. The capacitance AC can be .. a.....

approximated by seven contributions. Two of these are 10

usual coaxial line contributions. The third is the capaci- Figure 2: a) The capacitances and inductances in one cell
tance between two disks. The remaining four are due to of a cavity employing radial folding b) equivalent circuit
the fringing fields at the corners of a disk. Formulas as col- used to model a cavity with radial folding c) equivalent
lected by van Genderen et.al.[2] were used to approximate circuit used to model impedance matching.
these fringing capacitances. The total cavity is modelled

by a series circuit of N separate cells as depicted in Fig.
2b. There are N possible modes of which the ground mode 0.25 m. The analytical predictions (f = 76.4 MHz, Rh =
is the desired accelerating mode. Its frequency is given by 61.2 kfl, Q = 1810) compare very well with SUPERFISH
f %: 1/(4Nv1ALAC). Losses are taken into account by results (f = 75.6 Mllz, Rah = 61.9 kWl, Q = 1880).
the resistance All which is calculated analytically by inte-
grating the wall material specific resistance over the sur- II. LONGITUDINAL FOLDING
face, assuming a constant current in one cell. The shunt
impedance and the quality factor can then be expressed A considerable improvement in shunt impedance is ob-
as tained with the cavity depicted in Fig. lb. This cavity

R,h =V = 4 AL . [_. consists of two coaxial layers connected by a return sec-
S A I E - 2NA0I " (1) tion. Therefore its physical length will approximately be

half the electrical length. Further shortening is possible

As an example we designed a 10 cell structure at 75 MHz, by adding more coaxial layers. The voltages and currents
with an overall length of 0.25 m and an outer diameter of in two different points on a transmission line are related
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*. . . L where 6 is the skindepth and p is the specific resistance ofL-IL ri U- amo) the wall material. As an example we compare in Fig. 3
" C,- &6 9F % L9D on

-,, ,Z-4A" .114 j the analytical results with SUPERFISH results. The cav-

". ity accelerating gap was 3 cm and the return section gap0.7." 5 cm. The capacitance C=3.6 pF was calculated with the

A 4b 41 f 5b numerical program RELAX3D. As can be seen, there is
fre•ey f (urgood agreement between both results. A further improve-

= .. 1 ment of the analytical results is obtained if the influence
O.,a a& of the return section on the current profile in the inner

=0 ..- coaxial layer is taken into account (curves c).

S 4 •4 4 III. CAPACITIVE LOADING
"',=, The construction of the previous cavity becomes

b: WAd W M• •rather complicated because more than two coaxial layers
are needed to reduce its length to 0.5 m. A simpler con-
struction is achieved with the cavity depicted in Fig. 1c.

Fiur3- - This can be seen as a coaxial transmission line terminated
with a capacitance. The current and voltage profiles on

froa"WN f (W) the coaxial line are determined by the matrix equation Eq.
Figure 3: Comparison between analytical and SUPER- (2). The capacitive loading is taken into account with a
FISH results for a cavity employing longitudinal trans- matrix as in Eq. (3) but with L put to zero. The resonance
mission line folding. condition now becomes

by the matrix equation tan kl - (6)

WCZ'
cooskz -jZ sink: ( V , (2) where Z = %Ip-o7o ln(r2/rl)/2ir is the line impedance, I

S)2 (-4 snhz cosk ) IJ1 is the length of the coaxial line, rl and r2 are the inner
and outer radii of the coaxial line and C is the loading

where z is the distance between the points, Z is the line capacitance. In good approximation this capacitance is
impedance and k = w/c is the propagation constant. The C = wror42/d, where d is the accelerating gap. For this
return section can be modelled by a series inductance L case the analytical shunt impedance and Q1value are
and a shunt capacitance C which are determined similarly
as in the previous section. The voltages and currents at Rah = 4r6 Z 2 sin2 ki
the section input and output are related by P Inr + + _)(Q + sin')r, (r r2 4

V -jL V (3) Q 2kl+sin 2kIR 5  (7)
k 1] = -jwC l-w2LC I1 in 8sin 2 kl Z

With Eqs. (2,3) we can transfer the vector (V, I) from In Fig. 4 the analytical results are compared with SU-

the shorting plate to the accelerating gap. The resonance PERFISH results for a cavity with r1 =2.5 cm, r2 =15 CM

condition is obtained by putting the right/under element and d=1 cm. Once more there is quite good agreement.

of the overall transfer matrix equal to zero. As a special For the proposed cavity, a shunt impedance of 580 k0 and

case we consider a cavity consisting of two layers with a Q-value of 6600 can be achieved with a cavity length of

equal impedances Z = Z2= Z. In the approximation 45 cm and at a frequency of 45 MHz. For a gap voltage of

that wL/Z < 1 and wCZ < 1 we obtain for the cavity 50 kV, the required rf power would be 4.3 kW.

length

C 1- 1(wL + ]C7l (4) IV. IMPEDANCE MATCHING
Z I JrZ _T IAssuming inductive coupling, the complete rf system

The shunt impedance Rah and quality factor Q are calcu- can be modelled with the equivalent circuit given in Fig.
lated similarly as in the previous section. For simplicity 2c. The rf source is represented as an ideal rf voltage sup-
we ignore the influence of the return section on the current ply V0 in series with the characteristic impedance Re of
profile in the second layer. Then we find the transmission line feeding power to the cavity. The

inductive coupling is represented by the mutual induc-

R~h (6 po/vpco) ln(ra/r 2 ) tance M = k/vL'E where k is the coupling constant
In fA + (-L + -)(1 + (-!) + -- +) and Li is the inductance of the coupling loop. The se-

kl Rh cundary circuit represents the cavity. Its angular reso-
Q = 2 Z (5) nance frequency and Q-value are given by wo = IIVL"C,

1073



as 10 .6q6) method fA Q Rla=,tq \", ,--, (MI1z) -) (W )
d* tO em•-. analytical 43.9 4625 556

superfish 44.0 4745 573

-. measured 43.8 4217 579
freqecy W _ Table 1: Calculated and measured properties of a cold

am 7 -b: M-b cavity model

t 100- i i i

b 4b 4b a A ...... fltted brg k0"o
fre ()" * : ( nom Stm "

I 60 ft---- : sffied h

l 70,':" 
40 ""

w W20

Figure 4: Comparison between analytical and SUPER- -20_ . ...... __"

FISH results for a cavity employing capacitive loading of 0 20 40 60 80 100 120
the transmission line. Re(Z) n

Q = (1/R,)V/L7C. Further, we choose the current I0 Figure 5: Cold model cavity impedance as
to represent the shorting plate current. Then the shunt measured on tlie input transmission line.
impedance is Ra = 2Zt/R., where Zt = Vgap/lo is the
'transfer impedance' from the shorting plate to the accel- 4815A). The smaller circle in Fig. 5 corresponds with the
erating gap. The impedance of the cavity as seen from the smallest of the two loops (area 11 cm 2 compared to 15
transmission line is cm2 for the larger loop), which also was made of a thicker

W2 M 2  wire in order to lower its inductance. For both loops, per-
ZP, = jwLi + + 2jQ6) (8) fect matching to RO = 50 0 is possible but the larger loop

needs a rotation over approximately 35 degrees.
with 6 = (w - wo)/wo. In the complex plane this The measured shunt impedance in table I was deduced
impedance is a circle with radius w2M2/2R,. The voltage from the radius PC of one of the circles in Fig. 5. This
reflection coefficient r as measured on the transmission radius is related to R,h by

line feeding the rf power is given by r = (Zpr - Ro)/(Zp, + W2M 2

R&). The requirements for zero reflection can be written Pc = 4•Zt2 R~h (10)
as

wL1 v/-A-R/' wi \1/2 with Zt - 48 Q for the model cavity. If the area A of the
6= -- M= -1+(-) 2  (9) loop is not too large then the mutual induction M can be

2QR0 ' w\R oapproximated as

The first condition can simply be satisfied if the cavity is M - poA Ic
detunable. The second condition can be satisfied for ex- 2rr 10 '

ample if the loop is rotatable such that the induction M where r is the radial position of the loop and 1, is the
can be varied from zero to a maximum value. This maxi- circuit current at the coupling position. For the measure-
mum must be larger than the r.h.s. of the second of Eqs. ment in Fig. 5 the coupling loop was located close to the
(9). In order to verify the above theoretical predictions, shorting plate so that 1, - Io. From Eqs. (10) and (11)
a cold copper model was built of a 2-layer coaxial cav- the shunt impedance is easily estimated.
ity employing longitudinal transmission line folding. The
physical length of this cavity was 1=86.3 cm and its inner,
middle and outer radii r1 =2.5 cm, r2 =5.4 cm and r3= 12.2 V. REFERENCES
cm. In table I we compare the analytical and SUPERFISH [1] J.I.M. Botman et.al., Nuclear Instruments and Meth-
predictions of the resonance frequency fo, quality factor Q ods B49(1990)89-93
and shunt impedance R,h with the measured results. Two
different loops were used to couple the rf signal into the [2] W. van Genderen et.al., Nuclear Instruments and
cavity. Fig. 5 shows the primary impedance Zp, as men- Methods A258(1987)161-169
sured with a vector impedance meter (llewlett Packard
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APLE ACCELERATOR PROTOTYPE CAVITY FABRICATION AND LOW POWER TESTS

A. M. Vetter, T. L. Buller, T. D. Hayward,
D. R. Smith, and V. S. Starkovich

Boeing Defense & Space Group
P.O. Box 3999, M/S 2T-50
Seattle, WA 98124-2499

Abstract
Table 1

The first 5-cell, 433-MHz accelerator APLE 5-Cell Accelerator Cavity Parameters
cavity (1] for the APLE free electron laser
experiment at Boeing has been assembled and Accelerator Mode Frequency 433.33 MHz
tuned. Low power RF measurements indicate Relative BW (f -f')/f .02
that the critical electrical parameters (Q0 1 Qo 27000.

f, and P) for the accelerator and TM110-like R/Q 337. fl/cell
s are consistent with expectations based Shunt Impedance (V2/PC) 45. Mmodes aecnitn ihepcain ae hn meac V/c 5 f

on measurements made on an 800-MHz model Accelerating Voltage 1.1 MV
cavity. The cavity is being readied for its Average Beam Current .23 A
initial vacuum bakeout, during which the External Coupling Coeff 3.
constituents of the residual gas will be mon- Duty Factor .25
itored. First application of high power Thermal Dissipation 165. kW
RF is scheduled for late summer of 1993. TM110 Band QL < 10000.

I. INTRODUCTION Operational Pressure 5 x 10 Torr

A 5-cell, 433-MHz accelerator cavity [1]
has been developed for high average power FEL II. MECHANICAL DESIGN
application. The cavity electrical design is
derived from the familiar storage ring cavity A. Basic Fabrication Concept
exemplified in PEP [2] and PETRA. The cavity
is a slot-coupled, i -mode standing wave struc- We have elected to fabricate the cavities
ture, center fed through a waveguide coupler. using bright copper plated aluminum 6061 parts
Design and operational parameters are summa- with O-ring sealed joints. Using this ap-
rized in Table 1. The general layout of the proach rather than brazing together OFHC
cavity is shown in Fig. 1. copper parts, we expect to: reduce the weight

of the structure by half, affording easier
handling and support; enhance structure rug-
gedness; allow repair in case of damage dur-

HOM OUTCOUPLER -TYPICAL CAVITY
COOLANT CONNECTION

-- E - BE AM

CONFLAT FLANGE

aJ ~ EU, RF PROBE

E- -- MOTORIZED TUNER

Figure 1. APLE 5-cell cavity layout.

Work supported by USASDC/BMD contract
DASG60-90-C-0106.
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ing fabrication or operation; and avoid dif- ning the length of the shell of the cell,
ficulties associated with brazing a very collected in a manifold, and returned through
large copper structure. the other longitudinal holes to a collection

The required processes are now well under- manifold over the web.
stood (a 95% yield rate is obtained in brazing
and -80% yield is obtained in plating), and D. Accessories
the convenience of working with a lighter,
stronger structure is appreciated daily. Each cell is provided with a tune: and RF

sample probe. Tuners in the end cells and
B. Cell Design center cell are not movable after initial ad-

justment for field flattening; tuners in the
In order to avoid having the equatorial next-to-end cells are equipped with stepper

joint between the two halves of a cell pass motors. Tuner plungers are water cooled, and
through the holes cut for tuners and external movable tuners have graphite RF dampers to
couplers, the joint has been moved longitudi- spoil resonances behind the plungers, as in
nally until the clamping bolt heads come up PEP and earlier Boeing cavities [4].
against the water manifold feeding the radial Each end cell is provided with a high or-
holes in the web. A mechanical unit cell is der mode (HOM) outcoupler mounted in the end
shown in Fig. 2. The external coupling aper- wall. The loop of this probe is oriented in
ture and tuner ports are shifted slightly rel- the tangential plane, so that a minimum of
ative to the center of the accelerating gap. 433-MHz power is coupled out. Following the
An electrical cell therefore consists of one loop is a high pass filter which prevents
side of the web and associated shell of one residual 433-MHz power from reaching the 1O-W
mechanical unit, and the shallow side and web termination load.
of the adjacent unit. The last cell is com- The cavity is pumped through the wave-
pleted with an end cap which has a nose cone guide coupler, which is fitted with a 10-c:.
on one side only. cryopump. Provision is made for an optional

Both vacuum and RF seals are required at titanium sublimation pump. The pumps are
circumferential joints between cell parts. mounted on an H-plane miter bend, which iso-
The RF joint is formed by a 6.5-mm section lates the RF window from direct line of sight
silver plated C-seal [3], vented to avoid of the coupling aperture.
virtual leaks. Behind the C-seal, a 7-mm After assembly and initial pump down,
section Viton O-ring seal forms the vacuum the evacuated cavity will be baked at 1800 C
joint. These seals are clamped by 36 3/8-18 for 24 hrs. we anticipate the base pressure
studs equally spaced around the circumference. fir be 5 x -8 We ate- the bake.will be 5 x 10- Torr after the bake.

C. Cooling
III. FABRICATION

The high average power application of the
cavity dictates that cooling channels must be A. Brazing and Heat Treating
embedded in the nose cones. These are fed by
holes drilled from the outer cooling manifold The cells, which ultimately differ
radially through the web to the nose cone slightly in inner diameter depending on their
channels. These web channels lead the water position within the cavity, were formed from
around the ends of the coupling slots, which identical 6061 aluminum forgings. The embed-
are also sites of high thermal flux. Water ded nose cone cooling channels were machined
returning from the nose cones is circulated in the forgings in an initial machine process
through half of the (typically) 32 holes run- during which the coolant holes were drilled

in the web, the coolant manifold cut around
-COUPLER PORT the circumference, and the interior contours

.. ICA A.11MO rouqhed out.
The exposed cooling channels in the nose

cones were covered by annular rings which were
vacuum brazed onto the forging. This braze
step was initially conceived as a dip braze,
but it was recognized that vacuum brazing
would avoid problems with removing flux trap-
ped in the cooling channels in the web. Ini-

.OSECO,•ATER tial attempts at vacuum brazing resulted in
porous joints which leaked and often cracked
during the subsequent heat treating. This
was corrected by increasing the thickness of
braze alloy, adding more getter to the vacuum
chamber, and improving the clamping fixture.

Following the braze, the aluminum is very
soft. T4 temper is recovered by reheating
the part, followed by a glycol immersion
quench and artificial aging. (A water spray
quench was tried, but did not cool the part
fast enough to recover temper.) The improved
temper proved to be of value in subsequent
machine operations during which the interior
contour of the cell was taken to net dimen-
sions, coupling slots were cut in the webs,

Figure 2. APLE cavity mechanical unit cell. longitudinal cooling and bolt holes drilled
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in the outer shell, and many minor features C. Final Assembly
added. Beam pipe and HOM outcoupler flanges,
water manifold covers, and the waveguide Accepted plated parts were stripped of
coupler box end were welded onto appropriate plastisol, and the O-ring grooves and mating
cells before turning the final inside contour, surfaces turned. Interiors were scrubbed with

The only remaining machine work at this ScotchBrite and wiped with acetone and isopro-
juncture was the cutting of the O-ring grooves panol until clean. A final wipe with absolute
and mating surfaces on the major circumfer- ethanol preceded the stacking of the cells in
ential joints. This was deferred until after vertical orientation. After the 180 clamping
plating operations, which require much hand- bolts were tightened, the cavity was tipped
ling of the parts, in order to avoid damage horizontal and placed on a transport cart
to these critical sealing surfaces. for installation of accessories, leak check-

ing, and various electrical measurements.
B. Plating

IV. LOW POWER ELECTRICAL MEASUREMENTS
To prepare the 6061 aluminum parts for

plating, the exterior surfaces were coated The Q of the assembled cavity has been
with plastisol and the surfaces to be plated 0

chemically cleaned. The zincate bright copper measured at 26,600, with an external coupling
plating process began with a zincate strike coefficient of 2.94. This is the Q expected
followed in turn by .5-mil electroless nickel for a brazed copper cavity with this geometry,
plating, a cyanide copper strike, and finally so the RF quality of the plating and C-seal
2.5 nil of bright copper plating. joints is evidently quite satisfactory.

For plating uniformity, special lead an- The field profile (Fig. 3) shows the end
odes were made to conform to the shape of the cells about 5% below the mean field strength,
part. These anodes were enclosed in rayon fab- and interior cells about 3% above. Sample
ric bags to prevent particles which form on probes are adjusted to deliver approximately
the anode from falling onto the plating. 400 mW into 50 n with 1 MV/cell accelerating

Several trials were required to determine voltage.
the required thickness of the electroless TM110 band QL varies from 2000 to 9000,
nickel plating, which is consumed in the sub- depending on the particular structure mode,
sequent cyanide copper strike during which the with the HOM outcoupler adjusted for minimum
pH must be carefully controlled. Considerable accelerator mode loading. Relative to the
care is required at each step of the plating main power coupler input, the outcoupler in-
process. sertion loss exceeds 80 dB at 433 MHz.

After plating, assuming there were no ob- Electrical measurements have consistently
vious defects, the parts were baked for one been predicted on the basis of previous mea-
hour at 100 Celsius. If no significant blis- surements made on an 800-MHz aluminum model
ters or delaminations appeared, the parts were cavity, except that the end cell frequencies
then baked for 24 hours at 200 Celsius. Any are unexpectedly high by a few hundred kHz.
blisters greater than .1 inch across, or more End cell diameters have been corrected on the
than ten blisters of any size, or any blister follow-on three-cell cavities.
on a nose cone resulted in rejection of the
part, which must then be replated. Acceptable V. ACKNOWLEDGEMENTS
blisters were vented and pressed flat against
the underlying aluminum. We also found oc- The authors extend special thanks to many
casional occurences of millimeter sized pits, people at the following companies: Lenape
which are acceptable if not located on the Forge, Inc. of West Chester, PA; Thompson
noses. Industries, Ltd. of Hawthorne, CA; Harbor

Island Machine, Lukas Machine, Inc., and
Industrial Plating of Seattle, WA; and AccSys
Technology of Pleasanton, CA. Due to the ef-

~ ~ "... ... ~~*'' forts of these principal vendors, total flow
-- -- ! time from ordering the forgings to completion

of low power measurements on the first 5-cell
S...cavity has been 14 months, with completion of

the second 5-cell and two 3-cell cavities ex-
-, -_ pected within five months.
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to square of local field strength. 433 MHz Single-Cell Accelerator Cavities
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MECHANICALLY TUNED ACCELERATING RESONATORS

F.A Vodopianov

Russia Academy of Sciences. Moscow Radiotechnical Institute

As an extenstion of the proposal [1 two types of possibility of rolling on the bearing around inner side of
mechanical variators of the accelerating gap capacity are outer tube. The plate 3'of large capacity serves for the
considered. In the first of them the stationary plates placed sparking exluding. The stator with its winding is installed
on the end outer surface of the inner tube and the moving - on an outer surfase of the external tube.
inside of ring rotor of a reactive reductor type motor are
placed. The rotor is installed in vacuum with the possibility
to roll over inner surface of the outer tube with the stator on
its outer surface. In the second variator the moving plates
swing along the resonator axis direction in front of the inner
tube and by means of the outer electromagnetic driver. The---
characteristics of the capacity variators in a HOM
relationship are compared.

The some order current increase of the madern
synchrophasotron in a comparison with the first such type
accelerators current was achieved by means of the using Uri
boosters with a higher injecting energy and by means of
increasing frequency following the accelerating cycles. The . .-_4-2_3

consequence of this means is an accelerating field frequency
diapason narrowing, increasing of the accelerating voltage
and a needed of accelerating stations power. The natural
step to loss power decreaing is a discovery of the high f1
quality factor resonators. One of such resonators with a I !

wide range frequency tuning is the resonator with the UNF t -* i 4
perpendicular magnetisation ferrite. Other method of the 4 -
power loss decreasing is based on the using unloaded by
ferrite mechanically tuned resonators [11. The way to this
suggestion open mentioned narrow frequency band of an Fig. 1 Rotating condenser tuned resonator
accelerating voltage. I - unmoved plates, 2 - isolators, 3 - rotating plates,

4 - rotor, 5 - stator, 6 - coupling loop, 7 - outer trim-
The mechanical change of resonator frequency can ming device, 8 - electronic tube, 9 - HF modulator,

be achieved by two methods: by means of a resonator 10- HF source, 11 - accelerating tube, 12- HF
dimension changing and by means of a variator parameters resonator, 13 - drift channel
changing. The first method found some practical realisation
when only a small frequency variation was needed. The The reactance 7, for examhlea small inductance with
frequency variator connection is possible as in case of inside a ferrite core inserted by means of a loop 6, serves for an
resonator placing (I I and in a case of outside placing by achievement of the rapid accurate tuning in the limits of
means of a connecting loop or rod type antenna. In I l I the of/f - ± 1 % [I1. In this boundary can be included all the
innerresonator variator is descbed for the Triumph booster faults of the production an- the installation of all
perameters having frequeency band 45 + 60 MGc and length resonators.
0,8 m. At the frequency 60 MGc in case Do/Di-2,71 the
resonator selfcapacity is 25 pF. For decreasing frequency to Universally adopted HF feeding of the resonator by
45 MGc the increasing capacity to - 60 pF is needed. This an inserted into it power electron tube leeds to a symmetry
can be activied by means of rotating condenser (Fig. i) or distortion and to arising of the conditions of HOM
by means of vibrating one (Fig. 2) in both cases the oscillations. It seems to be expedient to suggest a new
resonator is coaxial type. variant of HF feeding by means of electron beam gun with

the bunched electron beam. Shown on Fig. 1 HF modulator
Roating plates 3 of conderser (Fig. 1) are fixed in 9, driven by an optical cable from grounded source 10,

ring ferrum withoutwinding rotor of a synchronous motor modulates an electron beam energy which transformed in
of a reactive reductor tupe. The rotor is inserted with a density modulation of a beam during it transition through
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the accelerating tube 11, passive HF resonator 12 and drift remark that in such cases the resonator can have a
channel 13. cilindrical form with much smaller length. The evaluations

show possibility of gain with desxribed resonators in the
cost and and HF power approximately to one order while in
the driving power by several orders.

S2 3 4 REFERENCES
[11 F.A. Vodopianov. Mechanically tuned accelerating

,- resonators. - Particle Accelerators Conference. -

Dubna, 1992.

Fig. 2 Vibrating condenser tuned resonator
1- unmoved plates, 2 - isolators, 3 - vibrating plates,
4 - elastic HF shorting ring, 5 - driving ring,
6 - single winding coil, 7 - vacuum joint, 8 - stelU
core, 9 - inner core, 10 - magnetisation coil,
11 - frequency disciminator signal amplifier

Shown in Fig. 2 variant has a stationary ring 2-3
plates stator 1, isolating rings 2, vibrating plates 3 fastened
by means of a ring 4 on a forming HF volume elastic
membrane 5. The ring vibrates together with the onewind
coil of a like dynamic loudspeaker drive with a ferrum cores
8, 9 and a magnetization coil 10. The ring 6 is fed by current
of the control amplitier 11. For a ficsation of the rings 6,4
axial position can be provided by installation 3 longitudinal
setting small diameter plugs, sliding in the pits of the core
9 and on the resonator inner tube. Such system with the
elastic membrane 5 is similar to logometer. The plates
positioning is achieved by properly applied current to ring
6 from the initial frequency signal meter and amplitier.

This variant of condenser is more simple than the
revolving plates condenser (Fig. 1). In addition there are
less probability of parasitic HOM oscillations exitation, but
the strong dynamic kicks lead to much shorter servise life.
The absence of such kick in the Dubna phasotron frequency
rotating variator has achieved its reliable work during
approximately 25 years.

The innerresonator installation of the tuning
condencers is reasonable in the casses of wide frequency
bands. In a narrow frequency band case the involving by
means of a loop or a rod of the outer reactances allows to
solves the problem completely. It is very important to
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Industrial Fabrication of Superconducting Accelerators

D. Dasbach, R. Fleck, D. Kiehlmann, M. Peiniger, H. Vogel
Siemens AG, KWU, Accelerator and Magnet Technology

51425 Bergisch Gladbach 1, Germany

Abstract
II. NB COATED CAVITIES FOR LEP UPGRADE

During the last two years major progress has been
achieved in the industrial production of supercon- Scope of theproject
ducting accelerators. A technology program with
CERN has been completed in order to transfer the The scope of this project covers fabrication of the
technology to sputter niobium onto copper cavities, copper cavities, chemical preparation and coating,
Several cavities have surpassed design values and cold rf-test at CERN, fabrication of all other
series production for LEP 200 is in progress, components (He-tanks, tuners, vacuum tanks,
Secondly a complete linac consisting of 2 single cell cryogenic domes) and finally assembly of the
and 2 five cell accelerator modules has been complete module.
designed and fabricated based on inhouse
experience. All 4 modules have surpassed the design Technology transfer
values (5 MY/m, Q > 2 x 109, cryogenic losses -- 3
Watt) during tests at Siemens. All 4 modules are in With a very intense technology transfer phase the
the meanwhile delivered to JAERI. Details and recent project started with the installation of a new chemical
results of the projects are presented, treatment plant, the sputter equipment as well as

clean rooms (class 100) for magnetron assembly and
I. INTRODUCTION final assembly of the modules and was continued by

establishing all the necessary procedures in close
Production of superconducting accelerators in the collaboration with CERN. The development of the

past has been conducted by the laboratories itself, coating procedure is described in [1], [2], [3].
The work has only been partly contracted to Industry
(cavities, other components). Siemens has shown Test resu/ts
that the complete scope starting from design, followed
by manufacturing, assembly, test and delivery with After coating at Siemens all the cavities are tested
guaranteed performance is available from Industry. in a vertical cryostat at CERN. Up to now 12

Siemens-cavities have surpassed the design values
The following gives two examples for this new of Qo (at 6 MV/m) > 4 x 109. The summary of all
development, accepted cavities up to now is shown in figure 2.

Investigations on the copper base material resulted in
Fig. 1: One completely assembled superconducting a change of the chemical preparation procedure. After

accelerator module forLEP Energy upgrade increasing the thickness of the layer removed by
electropolishing (from 60 pm to 120pm) all test
results significantly have improved (cmp. figure 2).

I $11f
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Development

1000 [109] Following a former contract were Siemens produced10,00 .,. il 9 - +
-•- -.... •-- - '- -- ! an accelerator module with a variable power coupler

_ .. (400 MHz single cell module) [4] an improved power
- - .coupler with variable coupling factor for 500 MHz

S ,.cavities was developed and manufactured for the
1D_ modules.

F_-7 It could be demonstrated that the coupler allows
---- Kadjustment of the external Q for about 3 decades 3.0

! A4 b x 105 < QL < 2 x 109 with the antenna length (fig. 3).

i <>L 1E+10
SI 0

cc [mV/rn] _ 1E+08 *1,00 +-- - . . . . . . . . . -- - n

0,00 2,00 4,00 6,00 8,00 10,00 1E+06 U

Fig. 2: Results of the 12 accepted cavities
(vertical test) 10000 --

40 90 140 190
The 4 cavities which have passed the acceptance antennea length (mm]

test first were assembled to a module (figure 1) and
send to CERN for cold test in December 1992. Fig. 3: External Q vs coupling antenna length for
Unfortunately a leak in one of the beamtubes supplied a supercondcuting 500 MHz single cell module
by CERN and assembled to the module lead to an
uncontrolled air-filling and a deterioration of the cavity Manufacture
performances. A repair cycle which includes
diassembly, clean water rinsing (High pressure or Manufacturing of the modules comprised the
normal pressure) and re-assembly at Siemens is in fabrication of all components (cavities, He-tanks,
progress. One of the 4 Cavities has already been vacuum tanks, tuners, couplers), chemical
rinsed and passed the specification, preparation and assembly in clean condition. A cross-

section of the five-cell module is shown in figure 5.

Il1.4 TURNKEY ACCELERATOR MODULES FOR RF-Test
JAERI FEL EXPERIMENT

The cold rf tests have been performed as
In 1/91 the contract for the delivery of 4 acceptance tests before shipping the modules to

superconducting 500 MHz accelerator modules was JAERI with the following results:
concluded. The contract covered design and layout,
manufacture and cold rf test of the two single cell Module Type a (at Eacc max cryostat

modules and the two five cell modules. 5 Mv/rn) (at 0 = 1x10 9
) standby losses

(4.2 K)

Design and Layout 1 1 cell 2.5x 109 7.3 MV/rn 3.6W
2 1 cell 2.1 x 109 6.8 MV/rn 3.0 W
3 5 cell 2.2 x 109 6.4 MV/rn 3.5 W

The purpose of the accelerator modules for the 4 5 cell 2.0 x 109 6.4 MV/rn 3.5W
FEL-expenment and the special mode of operation
(pulsed rf-mode 1 - 3 % duty cycle) required a The maximum fields have been obtained after only
different approach to the cryogenic design. a few minutes of Helium-processing and are limited

As the rif-losses are only 0.5 to 1.5 Watt (five cell by electron field emission loading in all cases.
cavity) the accelerator module is dominated by the
standby losses. The design thus aimed to minimise After installation of the 4 modules on site by JAERI
the cryogenic losses below 4.5 Watt per module. By and connecting the beamlines, rf-feeds etc. the
choosing a duplex heat shield cooled with closed loop modules were tested again and after few minutes of
refrigerators (20 K/80 K) the standby losses could be rf-processing the performance as shown at Siemens
minimised to about 3 Watt at 4.2 K. The table below could be achieved again or slightly surpassed.
summarizes the achieved results.

For the He-tank a closed loop recondensor could
be used (10 Watt) thus avoiding a central refrigerator
with LHe-transfer line.
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Fig. 4: Performance of the 4 JAERI accelerator modules
during acceptance test before shipment

SIEMENS

Over 250 cavities have been assembled and4_ tested at 2.0 K. The guaranteed performance is Q0 =
W0 •MHWz A=,UW Mo& (JIERI 2,4 109 at 5 MV/m. More than 50 % of the vertically

Fig. 5: Cross section of the five cell accelerator module tested cavities demonstrate usable gradients greater
than 10 MV/m. Details of the test and statistics on the
results are given in [5].

V. SUMMARY

Superconducting cavities have been choosen asL the accelerators for several projects. It could be
-. .shown that industry is well equipped and able not only

to produce bare Nb-cavities (CEBAF) but also
complete accelerator modules (LEP, CERN) as well
as completely designed, manufactured and tested
turnkey Modules (JAERI-FEL) ready for operation.

VI. REFERENCES
Fig. 6: The five cell module completely assembled before [1] C. Benvenuti "Superconducting Coatings for

shipment to JAERI Accelerating Cavities: Past, Present, Future",

CERN/MT-DI/91-6

IV. 360 Cavities for CEBAF [21 G. Cavallari et. al "Superconducting Cavities for
LEP Energy upgrade", CERN/AT-RF (Int)92-4,

In March 1993 the delivery of 360 cavities for [December 1992
In hasc 1993ethen completery as 36sch led. A [3] C. Benvenuti et. al., "Superconducting Niobium

CEBAF has been completed as scheduled. All sputter coated copper cavitiy modules for the LEP
cavities are delivered tuned to correct field profile upgrade", CERN/AT-Rf-91-6, May 1991
frequency and Oext. [4] O'Donnell et. al., "A superconducting radio-

frequency cavity for manipulating the phase spaceThey receive their final chemcial preparation at of pion beams at LAMPF"

CEBAF, two cavities are assembled to "pairs" and [5] Reece et al. "Performance of Production SRF

tested in vertical cryostats prior to assembly into the Cavities for CEBAFn, these proceedings

cryomodule (beam-line cryostat).
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BROADBAND HIGHER-ORDER MODE (HOM) DAMPER

FOR SSC LEB FERRITE-TUNED CAVITY*t

L. Walling, G. Hulsey, and T. Grimm
Superconducting Supercolider Laboratory

MS-4010, 2550 Beckleymeade Ave. Dallas, TX 75237

Abstract

This paper reports results of using High-Frequency broadband damper. A Smythe-type3 broadband damper has
Structure Simulator (HFSS) to design a Smythe-type been designed using two-element high-pass filters between the
broadband longitudinal HOM damper for the SSCL low energy damping cavity and four discrete water-cooled loads. A cross-
booster (LEB) ferrite-tuned cavity. The damper is designed to section of the gap end of the cavity with HOM damper is
have a shunt impedance varying from less than I kohm shown in Fig. 2. The filter/loads are distributed aound the
between 100-200 MHz to about 3 kohm at I GHz. Above I circumference of the damping cavity in such a pattern as to
GHz, the ferrite should effectively damp all HOM. damp transverse as well as longitudinal modes (Fig. 3).

I. INTRODUCTION
The LEB cavity1 is a ferrite-tuned )J4 coaxial cavity that --

tunes from 47.5 to 59.8 MHz in about 20 ms and requires 127 --
kV on the gap at the peak voltage in the cycle. R. Baarunan
of TRIUMF did a coupled bunch mode beam instability
analysis 2 for the LEB. According to his analysis, the
allowable longitudinal shunt impedance of the cavity HOM's _
as a function of frequency is shown in Fig. 1. Also shown is
the calculated achieved shunt impedance. -.

4M0

3M'

------ -Uaow0a Z (ohns) Fig. 2. Cross-section of Final LEB HOM Damper.
- ~ caliated Z (oCvns)"2 2000

.2

.2I

0 200 400 600 500 1000

f (MHz)
Fig. 1. Narrow Band Impedance in the SSC LEB.

For fixed-frequency machines, HOM dampers can be
designed to address individual modes. Since the LEB has a L. -

large frequency swing, it is more convenient to build a
Fig. 3. Axial Amingetemnt of Filters and Loads on HOM Damper.

* To be submitted at the "1993 IEEE Particle Accelerator
Conference" May 17-20. 1993.

Operated by the Universities Research Association, Inc.,
for the U.S. Department of Energy under Contract
No. DE-AC35-9ER40486.
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H. DESIGN TECHNIQUE damping cavity that is not wll-represented by any type of
circuit approach.

Smythe showed that his damper could be modeled as a
circuit element that is in shunt with the gap of the cavity. HFSS, with its s-parameter format and finite-element
The circuit representing the cavity and damper is shown in mapping of the rounded surfaces, was the ideal tool for such a
Fig. 4. Then rTb, the shunting resistance of the damper, is design. The main problem was to find an approach that would

be fast and efficient, since modelling the entire damper
rsb-- =/Re{ l/Zd}) (1) including filter results in a large problem that takes hours to

The damper impedance, zd, can be approximated by solving run. Therulfare the design was done in three stages which
the circuit, combined the use of numerical results from HFSS and lumped

element analysis in the first two stages to speed up the design
Cap c process.

Step 1. Pseudo-2d HESS analysis (Fig. 5). We
modeled an angular wedge of 2 slices of about 5-10 degrees

c cC :Cd Lf R each (we have found that one thin slice of elements does not
yield an accurate solution.) The load is represented by a thin
disk of resistive material which represents the four loads inT parallel. This is a one-port problem with the port located at a
cross section of the cavity just far enough away from the gap

I such that the fields are approximately transverse. The
reflection coefficient is calculated by HFSS and written out to
a file. This file was read using a mall FORTRAN code

Cc Zd which transformed SI1 from the port to the gap, then
calculated rrh. This was useful to develop a cavity that had
approximately the desired rgh over the band, although the
fundamental mode shunt impedance was too low.

Fig. 4. Circuit for LEB HOM Damper with High-Pass
Filters between Smythe Cavity and Loads.

where Lc and Cc are the cavity inductance and capacitance, LA
and Cd represent the damper cavity and Lf and Cf the filter
parameters.

Originally, we intended to design a simple Smythe damper. -

However the 3)J4 mode occurs at a frequency much lower than
three times the fundamental due to the heavy capacitive
loading of the cavity. This is aggravated by the large
coupling to the damping cavity which is required to damp the
low-frequency modes so strongly. After determining the
amount of coupling that would be required, we determined that
it would be impossible to find a design that would yield the
required damping over the band while leaving the accelerating
mode with a large enough shunt impedance so as not to Fig. 5. HFSS Model Using a Disk of Resistive Material
overdrive the power amplifier (and bum up the 5 kW damping to Represent the Loads.
resistors). This could be determined easily using the lumped
circuit model. Therefore we decided to try adding a high-pass Step 2. Next, another HESS model (Fig. 6) was built
filter between the damper and the load. The lumped circuit which modeled 1/8 of the axial geometry and which included a
model for the damper plus filter could be used to estimate the port at the position the filter/load would be placed. iw full 2-
required coupling capacitance to the damping cavity and port solution was obtained over the frequency range, the s-
roughly estimate the circuit paraneters. Because the required parameters stored in a file, then read into a FORTRAN code
coupling capacitance turned out to be very large (about 12 pF), which cascaded the high-pass filter/load parameters onto port
the current paths from the gap to the point at which the 2, then calculated rsh from SII with the new termination.
filter/load is shunted across the Smythe capacitor became long, The damper cavity dimensions were modeled in HFSS, then
which reduces the d",pang of the HOMs. This results in a the filter quickly optimized for that geometry using the
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FORTRAN code. By systematically varying the cavity
dimensions and cyling through this process, the entire circuit m. TRANSVERSE MODE DAMPING
was quickly optimized.

We then tested the possibility of damping transverse modes
by arranging the loads axially as shown in Fig. 3. A
simplified model of the entire cavity with a simple Smythe
damper was built using HFSS. The loads were arranged as
"suggested by Grimm and the cavity was excited by an off-
center wire placed about I cm to the right and to the top of the

-cavity axis, looking down the axis from the gap to the tuner.
This method of excitation would excite all longitudinal and
transverse modes of the cavity. All materials in the cavity"-- were artifically specified with a loss tangent that would ensure

Sthat as the cavity was swept from 300 MHz to I GHZ at 20
MHz intervals that any resonances would be identified. Then

7- when resonances were found, they were identified as to
longitudinal or transverse by looking at the fields near

: resonance. Finally, the loss tangents were reduced to zero and
the frequencies were swept around the resonances. A rough
analysis determined that the impedances of all transverse
modes were below 100 kl/m. A similar analysis has not
been done with the actual damper with filters, however we

Fig. 6. HFSS Model Using 1/8 Axial Symmetry and expect even better results because the damper has much greater
Load Represented by Coaxial Port. coupling to the cavity than the one simulated with

assymmetric loads.

Step 3. The actual filter was added to the HFSS model
(Fig. 7) to do the final checking of the design for damping, IV. CONCLUSIONS
field maximums and heating. The shunt impedances of the
HOMs as calculated by this HFSS model are shown in Fig. 1. HFSS has proven to be an ideal tool for designing HOM

dampers because of its s-parameter format, matched port. lossy
material capabilities, and finite-element modeling technique
which allows close approximation of rounded surfaces. It is
very easy to model problems and make changes in models.

Measurements of the cavity with damper will be performed in
early spring of 1993 to verify the design.
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In parallel to this effort, a hardware model of the filter
using high-voltage ceramic capacitors and 5 kW water-cooled
liods was built and tested at both low and high-power.
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Design of the Detuned Accelerator Structure*
J. W. Wang and E. M. Nelson

Stanford Linear Accelerator Center
Stanford University, Stanford, CA 94309 USA

Abstract 0.25 \ \ \ \ \ \ \ \ \ \
2.14 2.16 2.18 2.20 2.22 2.24 2.26 2.28 2-30 2.32

This is a summary of the design procedure for the de- SV
tuned accelerator structure for SLAG's Next Linear Col- 'Z 0.20

lider (NLC) program[l]. The 11.424 GHz accelerating 2
mode of each cavity must be synchronous with the beam. • 0.15
The distribution of the disk thicknesses and lowest syn- 2.12

chronous dipole mode frequencies of the cavities in the 0.10 -

structure is Gaussian in order to reduce the effect of 0.8 0.9 1.0 1.1

wake fields[2]. The finite element field solver YAP cal- disk aperture diameter 2a (cm)

culated the accelerating mode frequency and the lowest Figure 1. The cell diameter 2b (in cm) which yields syn-
synchronous dipole mode frequency for various cavity di- chronism with the beam (vo = c). The dots are the
ameters, aperture diameters and disk thicknesses. Polyno- 206 cells of the detuned accelerator structure. The right-
mial 3-parameter fits are used to calculate the dimensions most dot is the first (input) cell and the leftmost dot is the
for a 1.8 m detuned structure. The program SUPERFISH last (output) cell.
was used to calculate the shunt impedances, quality factors
and group velocities. The RF parameters of the section like number of elements and the topology of the meshes are
filling time, attenuation factor, accelerating gradient and independent of the cell parameters, so the mesh depends
maximum surface field along the section are evaluated. Er- smoothly on the cell dimensions. Then discretization error
ror estimates will be discussed and comparisons with con- can be considered a systematic error when comparing two
ventional constant gradient and constant impedance struc- cells with slightly different dimensions.
tures will be presented. The accelerating mode frequency f1 was calculated by

YAP using four successively refined meshes composed of
I. ACCELERATING MODE quadratic elements. The estimated relative accuracy of the

The accelerator structure is a disk loaded waveguide frequency calculation for the finest mesh is , 10-8. Fur-
driven at 11.424 GHz. The phase advance per cell is chosen ther accuracy was obtained by extrapolating the four cal-
to be 0i = 27r/3. In order for the accelerating mode to culations to zero element size (an infinitely refined mesh).
maintain synchronism with the beam the phase velocity Conservative error estimates for the extrapolated f1 range

must be vo = c, thus the cell length is I = 0.8748 cm. from 5 KHz for large t cases to 30 KHz for small t cases.

Synchronism with the beam is a constraint on the The calculations were fit to the polynomial
dimensions of a cell. The dimensions are the disk aper-
ture 2a, the cell diameter 2b and the disk thickness t. The 1 2 4

inner edge of the disks are round with full radius, not fiat. f0 (2a,2b,t) = E Z ijk(2bY(2ajtk. (2)

The RF parameters of a cell can be computed by treating i=-I j=0 k=0

the cell as part of a periodic structure. Let fo(2a, 2b, t) bethe accelerating mode frequency at •b = 2ir/3. Then the Only 165 calculations with 110 - 11.424 GHzI < 150 MHz
synchronism constraint is were included in the least squares fit for the 45 parame-ters. The polynomial approximates the calculations with

residual errors < 80 KHz. The polynomial can be used to
f(2a, 2b, t) = 11.424GHz. (1) solve (1) for the cell diameter 2b with an error 1 1pm.

This error is comparable to the skin depth in copper at
This can be considered an implicit formula for 2b(2a, t) for The eratin freque an t an der of at

thecels o th aceleato stuctre.Tha is gien hethe operating frequency and about an order of magnitude
the cells of the accelerator structure. That is, given the smaller than available machining tolerances. A contour

parameters 2a and t of a cell, solve (1) for 2b.

The finite element field solver YAP[31 was used to plot of 2b(2a, t) is shown in Figure 1.

compute the accelerating mode frequency f1 for various cell II DIPOLE MODE
dimensions covering the range 0.7493 cm < 2a < 1.1684 cm
and 0.1016cm < t < 0.2540cm. The range of cell diame- In order to reduce the effect of wakefields it is useful
ters was 2.0828cm < 2b < 2.3622cm. For a given set of to detune or spread out the frequencies of the undesired
dimensions (2a, 2b and t) meshes for one cell of a periodic modes. A Gaussian distribution of the modes leads to very
structure were constructed using triangular elements. The good cancellation of the wakefield effects. The wakefield

decoheres in a time comparable to the reciprocal of the
*Work supported by U.S. DOE contract DE-AC03-76SF00515. width of the frequency distribution of the modes.
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Figure 2. The lowest synchronous dipole mode fre- -_ __.-_._._ .
quency f, (in GHz). The cell diameter 2b is determined 0 30 60 90 120 150 180

from the synchronism condition. The open circles are the phase advance 0 (degrees)

dimensions at which f, was computed. The dots are the Figure 3. Dispersion diagram for the two lowest dipole
206 cells of the detuned accelerator structure. modes of three differenct cells of the structure. The dashed

line is the first (input) cell, the dotted line is the middle cell
The largest wakefield by far comes from the lowest and the solid line is the last (output) cell. The dot-dash

dipole mode. Higher dipole modes have less effect and can line is the velocity of light line.
be effectively detuned by varying the disk thickness t along
the structure such that the distribution of thicknesses is ify t for all cells. The relative range of fi was chosen to
nearly Gaussian[4]. The disk thickness t has little effect be 10.1%. With this information only one free parameter
on the lowest dipole mode, so the aperture diameter 2a for the whole structure remains. In practice the parameter
is varied along the structure such that the distribution of was the aperture diameter 2a of the first cell, but the av-
lowest synchronous dipole mode frequencies fi is nearly erage lowest synchronous dipole mode frequency is also a
Gaussian. While the synchronous dipole mode frequencies viable free parameter. In either case the free parameter de-
of the cells are not the same as the dipole mode frequen- termines fi for each cell. Given fl and t for a cell the aper-
cies of the structure, the distributions of the frequencies ture diameter 2a was found using the quadratic polynomial
are similar according to equivalent circuit models of the approximation to the lowest synchronous dipole mode fre-
structure[5]. quency. Then the cell diameter 2b was obtained from 2a,

A Gaussian distribution with rms width 2a = 0.7 GHz t and the synchronism constraint (1).
provides decoherence of the wakefield effects by the time
the following bunch arrives (1.4 ns). To obtain good cancel- III. STRUCTURE RF PARAMETERS
lation of wakefield effects over the whole bunch train (per- RF parameters like the shunt impedance, quality fac-
haps 90 bunches) it is necessary to have a good distribution tor Q, group velocity a
of modes. Beam dynamics simulations[6] for the NLC indi- c a ati peak were c ped for

cate the tolerance for systematic relative frequency errors the accelerating mode by SUPERFISH[8] for a few of the

is approximately 10-4, hence accurate calculations of f, cells. While the code calculates RF parameters for peth-

are important for the design of detuned accelerator struc- odic structures, the calculations are still valid locally for

tures. the detuned structure since the cell dimensions vary slowly.
The lowest synchronous dipole mode frequency fi was A polynomial fit was used to obtain the RF parameters for

calculated using YAP[7]. The cell diameter 2b was fixed the remaining cells. The filling time of the structure was
using the beam synchronism constraint (1), so two param- computed from
eters remain for the dipole mode calculations: 2a and t. f.8m dz
Frequencies at two phase advances 0 close to the syn- T! =I (3)
chronous phase and 0.02 radians apart were computed for V (Z)
15 cells. Calculations on three successively refined meshes The free parameter (e.g., the aperture diameter 2a of the
were extrapolated to zero mesh size, with conservative er- first cell) of the structure was varied to achieve Tf =
ror estimates ranging from 120KHz for large t cases to 100 nsec. The corresponding cell dimensions are plotted
400 KHz for small t cases. Then the lowest synchronous in Figures 1 and 2.
dipole mode frequency and phase advance were obtained Dispersion curves for the two lowest dipole modes of
using linear interpolation. The frequencies were fit to a three cells (first, middle and last) of the structure were
polynomial quadratic in 2a and t. The estimated error of computed using YAP and are shown in Figure 3.
the fit is 600 KHz. The fit is shown in Figure 2 and is The accelerating gradient along the length of the
expected to be good only near the region encompassed by structure was computed[9] by first finding the attenua-
the 15 calculated points. tion r(z) along the structure,

The Gaussian distributions for t and fi for 206 cells
were truncated at ±2o,. The range of the disk thickness t f(z) wdz
was chosen to be 0.1 cm to 0.2 cm. This is sufficient to spec- 10z) 2Q(z) (z(4)
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80 Table 1
Structure RF Parameters

Section length 1.8 m
60 - Phase advance per cell 27r/3 radians

i • _Iris aperture:

Sradius 5.72-3.91mm
:4 40 normalized radius 0.218A-0.149A

_Group velocity 0.12c-0.03c
C- tuned Filling time 100 ns--- Constant Gradient

20 Unloaded time constant 207-186ns
-... Constant Impeda....Attenuation constant 0.517 nepers

Shunt impedance 67.5-88.0M/r/m
0 .... __, , I ,, _ , , Elastance 853-946V/pC/m0 0.5 11.50 (in) For 50 MV/m average gradient:

Figure 4. Accelerating gradient along the length of the Peak input power/(1.8m) 48.1 MW/m
structure for 100MW input power and various structure Peak power per feed 86.5 MW
types. Average power dissipation

for 250 ns pulses, 180 pps 1.4kW/m J
150
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where r(z) is the shunt impedance per unit length. The
gradient is shown in Figure 4 along with gradients for a
conventional constant gradient structure and a constant
impedance structure. All three structures in Figure 4 have
the same attenuation constant r.

It is noteworthy that the peak surface field E,,max on
the disk edges varies little along the structure as shown in
Figure 5. The first cell has a thin disk and large aperture,
so E,,max/E,,c is high (ý5 3) but Ea,, is small due to the
low shunt impedance and high group velocity. For the last
cell the situation is just the opposite. Other RF parameters
are listed in Table 1.
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CONSTRUCTION of an RF CAVITY for the LNLS SYNCHROTRON
D.Wisnivesky°, M.A.Remy and R.H.A.Farias

Laborat6rio Nacional de Luz Sfncrotron - LNLS/CNPq
Cx Postal 6192, 13085 Campinas S.P. Brazil

0 IFGW/ UNICAMP

Abstract

A construction program for an RF cavity for the
LNLS storage ring is under development. The cavity main
frequency is 476 MHz, and should operate with 60 kW CW.
The cavity design is based on the development made for the
proposed PEP II B factory[11. Special wave guide dampers
are used in order to reduce HOM instabilities. In order to get -

the precise mechanical dimensions of the 476 MHz cavity, a
scalled prototype (approximately 1200 MHz) was built based
on the results of numerical simulation. Low power tests were -

used to fully characterize the HOM spectrum. Using the
measured values, couple-bunch instabilities are studied.

I. INTRODUCTION -

The synchrotron light source under construction at the
LNLS requires an RF system operating with a CW RF power
of 56 kW at the input coupler of the cavity. Construction of
the RF transmitter, coaxial and wave line system and cavity FIG I
control system has been completed. A 3 cell RF cavity
resonating at 499 MHz is available at the LNLS. Different Schematic design of the RF cavity.
tests performed with this cavity however indicated that it
would be desirable to develop a new one that should includeseveral improvements. The new cavity's main characteristics Considering the cavity's narrow range of tuning, the final
should be: shape, after assembling all ports and couplers, should give a

- Fundamental frequency: 476 MHz (linac sub-harmonic), fundamental resonant frequency within 2 10-4 of the desired
-60 kW CW. value. Thus it was decided to construct a small model with a
- Single cell. fundamental frequency at 1200 MHz, 2.5 times smaller.
- Standard conflat vacuum seals. Dimensional measurements were performed on the- 500 SdV gap voltage. constructed model. Also measurement of the resonant
-Coupling factor: 1.4 frequency, coupling factor and other parameters was done
- Tuning range: + 150 kHz. with the model. Finally the exact scaling geometrical factor

for the real-size prototype was determined. A prototype,

II. CAVITY DESIGN made of aluminum is shown in Figure 2. The picture shows
the 3 damping wave guides with adjustable broad band loads

The cavity geometry is similar to that proposed for the inside, a step motor driven-plunger, an RF monitor and the
PEP II B factory [l. It is a reentrant type cavity with 3 ports wave guide coupler that communicates with the cavity
located around the equatorial plane to accommodate for a through a ceramic disk located some distance away from the
mechanical tuner, a 45 dB RF monitor and an RF input cavity's standing wave fields. The fundamental frequency was
aperture coupler. Three wave guides, symmetrically located measured to be 476 MHz at room temperature and normal
around the axis, are used to damp the HOM. The wave guide pressure. The plunger's tuning range is 350 kHz, enough to
is dimensioned so that the fundamental frequency is about compensate for the frequency shift due to vacuum, cavity
200 MHz below cut off. Figure 1 gives a general view of the operating temperature and beam loading.
cavity.

0-7803-1203-1/93$03.00 0 1993 IEEE
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DIPOLE MODES
-IP Mode Freq.(MHz) Q R/Q

M~/m
1-ME-I 670.9 38500 .28E-3
1-EE-1 785.7 48600 15.2
1-ME-2 1055,1 40600 27.1
1-EE-2 1121.5 40900 0.25
1-ME-3 1190.4 73000 0.32

6-EE-3 1301.9 42000 5.64
1-ME-4 1421.1 32200 2.74
--EE-4 1521.9 82000 1.05
1-EE-5 1575.0 68400 1.42
I1-EE-6 1667.6 31000 6.17
1-ME-S 1701.5 59900 .21E-1
I-ME-6 1745.4 82500 .73E-1I
1-ME-7 1913.6 38800 .97E-1I
1-ME-8 1947.3 56000 1.49
1-ME-9 2001.7 71600 2.00
1-EE-7 2048.4 78900 .25E-2
1 -EE-8 2057.5 101100 .68E-1
I-EE-9 2152.2 56400 .31E-1
I-EEI0 2223.7 36600 .17E-1
1-MEIO 2296.1 93900 .31E-2
I-EEI 1 2371.9 88700 0.39
1-EE12 2388.3 86600 1.00

TABLE I

IV.HOM MEASUREMENTS

Different measurements of the HOM spectrum were
performed using several antennas at different locations in

FIG 2 order to correctly identify the resonances. The cavity modes
were first measured with all ports closed and Qo was

III. HOM CONFIGURATION determined. This allowed a comparison to be made with the

HOM were calculated using URMEL-T code[2 ]. In theoretical values. Next, the ceramic window, all 3 damping
multibunch instabilities study, monopole and dipole modes wave guides and the tuner were mounted and mode
are the most interesting. In order to identify these modes a parameters were measured for different plunger positions.
computer simulation of the aluminum cavity was performed The results are condensed in table 2. Six columns of the table
using URMEL-T code. Table 1 gives the result of the show the measured frequency and Q value for 3 different
calculation up to the beam pipes cut off frequency. positions of the plunger: maximum, middle and minimum

course with the 3 loaded wave guides, the wave guide coupler

TM MONOPOLE MODES and 2 pipes simulating the vacuum chamber. It can be noticed
Mode Freq.(MHz) Q R/Q that for the fundamental mode there is a 20% decrease in the

(Mil) value of Q when the wave guide couplers are added. The Q
0-EE-1 484.2 37600 110.8 expected for a copper cavity properly machined and brased
0-ME-i 763.6 32600 47.5 should go up to about 30000. The reduction in Q is much
0-EE-2 1003.9 33700 0.9E-5 stronger for all HOM, showing the strong damping effect
0-EE-3 1275.3 73000 7.690-ME-2 1282.9 33200 7.02 produced by the wave guides. A study of multibunch stability
0-EE-4 1582.5 34500 6.68 was performed using ZAPI[3 for the parameters given in table0-EE-4 1564.5 34500 6.68 wspromd -D3

0-ME-3 1693.5 69000 3.30 2 and a beam energy and current of 1.15 GeV, 200 mA. The

0-EE-5 1798.5 87000 .85E-1 results are shown in the last column of table 2, which gives
0-ME-4 1869.2 36700 3.32 the ratio of the growth time of instability for the mode
0-EE-6 2075.3 52000 0.74 relative to the synchrotron damping time for the longitudinal
0-ME-5 2136.7 67000 0.12 modes and betatron damping time for the transverse dipole
0-EE-7 2224.6 47000 1.27 modes.
0-EE-8 2331.4 71000 2.37
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TM MONOPOLE MODES
Mode CloseiW cavity Cavity with dampers relaL

Plunger position growth
out middle in

Freq. Qo Freq. Q Freq. Q Freq. Q
0-EE-1 481.7 20000 476.1 15500
0-ME-I 760.8 18100 ......-- --.

0 -E E -2 -- --...........
0-EE-3 1270.9 31900 -- -- -- -- -- -- --

0-ME-2 1281.6 5800 1280.5 450 1279.9 500 1277.5 680 0.37
0-EE-4 1558.4 14100 1566.0 200 -- -- -- -- 0.51
0-ME-3 1691.0 11200 1685 200 1684.8 200 1683.8 250 0.97
0-EE-5 1798.3 37400 1797.2 200 1798 150 1798.4 500 37.8
0-ME-4 1863.9 4200 1867.3 300 1867.3 350 1867 450 0.58
0-EE-6 2067.9 10000 2077.9 200 2077.9 200 -- -- 3.91
0-ME-5 2130.7 2300 -- -- -- -- --

0-EE-7 2219.8 10100 2224.5 400 - -- -- -- 1.02
0-EE-8 2327.4 17900 2334 100 2332.7 800 2333.1 650 2.12

DIPOLE MODES
Mode Closed cavity Cavity with dampers relat.

Plunger position growth
out middle in

Freq. Qo Freq. Q Freq. Q Freq. Q
1-ME-1 668.1 24700 646.5 50 646.5 100 646.7 100 1.23
1-EE-1 784.8 24900 788.5 120 788.1 150 788.4 150 1.18
I-ME-2 1118.9 27600 -- -- -- -- -- -- --
1-ME-3 1189.2 44000 1189.2 1564 1188.9 1300 1188.3 550 1.22
1-EE-3 1289.2 19000 -- -- 1291.8 580 -- -- --
1-ME-4 1417.7 7900 1418.5 950 1418.4 750 1418.7 800 1.19
1-EE-4 1518.4 25300 -- -- -- -- -- -- --

1-EE-5 1567.1 12800 1560.5 300 -- -- -- -- --

1-EE-6 1663.1 9200 1653 1460 1651.2 500 1652.3 1400 0.75
1-ME-5 1704.4 2800 1698.9 250 1700.9 300 1699.7 260 1.22
1-ME-6 1737.5 26000 1738.5 350 1738.0 360 1738.0 350 1.22
1-ME-7 1905.6 4010 -- -- -- -- -- -- --
1-ME-8 1940.6 3800 1944 290 1943.8 280 1944.1 240 1,17
1-ME-9 1998.1 1500 -- -- -- - -- -- --

1-EE-7 2042.3 14500 -- -- -- -- -- -- --
I-EE-8 2054.7 4030 2056.9 780 2056.7 1000 2056.7 780 1.22
1-EE-9 2150.0 1020 -- -- -- -- -- -- --

1-EEl0 2214.4 2170 2219.5 350 2219.7 340 .... 1.22
1-ME10 2298.2 17700 -- -- -- -- --
1-EEl1 2368.9 26030 2371.4 650 2371.8 980 -- -- 1.18
1-EE12 2381.9 66000 2379.6 540 2379.9 560 2380.0 260 1.15

TABLE 2

V. CONCLUSIONS
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to broad band load termination. Measurements of the Q the measurements. We are also grateful to H.D. Schwarz for
values of the HOM for the cavity, with and without the wave the information given on the work done for the PEP II RF
guides, were performed. The results show that there is a system.
strong damping effect due to the loading. Multibunch REFERENCES
instabilities calculations were done using the LNLS storage [(1 "An Asymmetric B-Factory based on PEP" Conceptual Design
ring parameters and the cavity HOM impedances. All Report, LBL PUB-5302, SLAC 372.
transverse modes, except one, are stable for beam currents up [2] U. Laustrdier, U. van Rienen and T. Weiland, "URMEL and
to 200 mA. URMEL-T User Guide", DESY M-17 03 (1987).

[ 3] M.S. Zisman et al., "ZAP User's Manual", LBL-21270 (1986).
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Field Emitted Electron Trajectories for the CEBAF Cavity*
Byung C. Yunn and Ronald M. Sundelin

Continuous Electron Beam Accelerator Facility
12000 Jefferson Avenue, Newport News, VA 23606, USA

Abstract the change of input files now prepared with the electromag-

Electromagnetic fields of the superconducting 5-cell netic field codes, URMEL and MAFIA instead of LALA.
Particle pushing is also simplified adopting the Runge-CEBAF cavity with its fundamental power coupler are Kutta method of order four. The Adams fourth-order

solved numerically with URMEL and MAFIA codes. Tra- peitrcretragrtmwsue nteMLA

jectories of field emitted electrons following the Fowler- predictor-correct or expedithm was used in the MULPAC

Nordheim relation are studied with a numerical program ncode. We find it more expedient to improve on accuracy, if
which accepts the URMEL/MAFIA fields. Emission sites necessary, by reducing the size of a fixed time step rather

whic aceptstheURME/MAIA ield. Eissin stes than dynamically adjusting the step size constantly by cor-
and gradients are determined for those electrons which can

reach the cold ceramic window either directly or by an recting the prediction of the Adams-Bashforth four step
method with the Adams-Moulton three step algorithm.

energetic back-scattering. The peak and average impact M PAs t teriga nd-seondary emissioriu-

energy and current are found. The generation of dark cur- tine s howevertremin and Pes yndary

rent by field emitted electrons has also been studied, and tines, however, remain unchanged. Presently, boundary
its relevance to CEBAF operation is briefly discussed. checking routines for a portion of a structure, which re-quire M3 generated mesh data, are to be tailor-made for

I. INTRODUCTION each specific problem.

There are two principal reasons for interest in study- III. CALCULATION OF FIELDS
ing trajectories of field emitted electrons and of energetic
back-scattered electrons. One would like to know what Electromagnetic fields excited in the CEBAF cavity
emission sites and gradients can result in electrons reach- powered from a klystron are calculated with the computer
ing the cold ceramic window. There have been several codes URMEL and MAFIA[2]. The properties of resonant
instances of breakdown of this window at CEBAF when rf modes of the 5-cell CEBAF cavity without the fundamen-
powered. A speculation that field emitted electrons might tal power coupler(FPC) were estimated with URMEL in
be the cause of this damage has provided an initial mo- detail[a], with a good agreement to measured data[']. For
tivation to this study. It is also interesting to find out the operating ir mode, some URMEL results are: frequency
under what conditions field emitted electrons could be ac- is 1492.85 MHz, R/Q is 964.77 0/m, the ratio of peak sur-
celerated the full length of the accelerator and constitute face electric field to the gradient is 2.24 found near the
a halo to the beam. Some of the experiments planned at irises.
CEBAF require only a few nA beam currente. Depending The FPC is located at the beam tube 3.17 cm away
on the circumstances, dark currents could become a detri- from an end-cell. It consists of two rectangular waveguides
mental noise source to such experiments, if not eliminated of different widths, 13.44 ,:m and 7.90 cm respectively, but
before reaching the experimental halls. of the same height of 2.54 cm. External Q of the cavity

II. TRACKING ELECTRON TRAJECTORIES is adjusted by varying the location of the transition from
narrow-width to wide-width waveguide. The input cou-

As an analytical treatment of trajectories of field emit- pling goes through a minimum as the waveguide transi-
ted electrons from the cavity surface is almost impossible, tion is moved. The FPC breaks the cylindrical symmetry
we decided to study them numerically. The trajectory of of the structure requiring a 3-D code to investigate this
an electron under the influence of external electromagnetic cavity-waveguide coupled system. A further complication
fields is followed numerically providing information on the is that the resonant mode of interest is above the TE1 0
position and the momentum of the electron at any given cutoff frequency, which is at 1115.19 MHz. The proper
instant. When an electron collides with the cavity surface position of a waveguide short, necessary in any frequency
made of niobium, a large fraction of incident energy may domain code, is determined to be at a location 20.70 cm
be carried away by a back-scattered electron. At the same from the cavity centerline, which is a quarter-wavelength
time, secondary emission from the surface is responsible away from the detuned short. A consistency check on the
for low energy electrons with energies typically less than numerically computed fields is based on the following ob-
50 eV. Those electrons are also followed until all particles servation. The ratio of the peak electric energy density in
generated are processed. The computer code we developed the FPC to the peak electric stored energy density in the
for this purpose is based on the MULPAC program[1 ], al- center of the cavity cell is measured to be nearly indepen-
though most subroutines have to be rewritten to adapt to dent of both the coupling strength and of the passband

mode. For the ir mode at a nominal Qext of 6.6 x 106, the
"Supported by D.O.E. contract #DE-AC05-84ER40150. reported value of this ratio is 0.0282. As it turns out to
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be impractical to solve the whole 5-cell cavity-FPC struc- of this study. Also, the nature of ?r mode is evident in
ture, we divide the problem into two: a 5-cell cavity with the emerging pattern of trajectories in the remaining sites.
the axial symmetry and one end-cell plus the FPC cou- Finally, we also note that we have looked at the trajecto-
pled system. An input to the trajectory program is then ries of primary and energetically back-scattered secondary
constructed with the MAFIA fields for the FPC including electrons only. Our assertion that a given site can not
the section of beam pipe attached to the end cell, and the produce electrons landing at a certain location should be
URMEL fields for the 5-cell cavity, understood with such restriction in mind.

200(

On d m te v , C,-D,---a

-- A a3 c ED E£ F

Figure 1. Cross-sectional view of 5-cell CEBAF cavity with -20 L

the FPC and the front view of the FPC. c and c
It is to be mentioned that higher order mode couplers Figur 2. Fo2h rdet a f3t 0MVmel-

modes. However, these effects are much weaker, and we
cases become a dark current. Sample trajectories shownneglect their presence for the study reported in this paper. are for 10 MV/m gradient.

IV. RESULTS
1016

The theory of field emission mechanism formulated0= 5 0

by Fowler-Nordheim[5] describes the quantum mechanical -
tunneling of electrons through the modified potential bar- C112 Z 1010 -

rier at the surface of a metal in a high external electric field. 0 - 200 - 00

The field electron emission current density J in A/m 2 is 105 -
given by E -

1.54 x 10 6(/3E.urf) 2  6.83 x 103 15-

Jexp(- ) 0 7ý.€ ]eur )•,- -' - •\ •,o :-- o

where E.urf is the surface electric field in MV/m, 63 is __

the surface field enhancement factor, and 0 is the work
100function of the metal surface in eV. We note that 0 = 4 -1 -05 0 05 1( 1n -0-05 0 05 1(c)

eV for niobium. For the present study, we assume a well Figure 3. Total dissipated power depends strongly on /3;
processed cavity with 3=100 and scan the cavity surface left figure for emission sites near C, and right for sites near
for field emission at accelerating gradients of 3, 5, and F.
10 MV/m. The emission from a given site is normalized
to a total dissipated power of 1 W for primary electrons, A. Electrons Which Can Hit the Cold Window
which determines the emitting area AE in M2 . In other We find that there are very few emission sites from
words, AE f J(O)Ekin(O)dO = 2vr W, where J(O) is the which electrons can strike the window directly. There are
current density determined with the instantaneous field several sites on the short beam pipe section between the
at rf phase 0, Ekin(0) is the impacting energy of the elec- end cell and FPC which actually can emit electrons which
tron emitted at that phase, and the integration runs from reach the ceramic window, but the surface field there is
0 to ir or ir to 27r depending on the location of the site below the level we require for an emission site to be of
in the cavity. Average impact energy is determined by any significance(E5 urf = 3, 5, and 5 MV/m for E800 = 3,
f J(O)Ekn(0)dO/f J(O)dO, and peak energy can be read 5, and 10 MV/m, respectively). In the case of 10 MV/m
directly from the output. It turns out that there are two gradient, we find five emission sites, which may possibly
classes of emission sites. One class of emission sites is com- be direct hit sites, and electrons from there can travel be-
pletely self-contained and can be neglected for the purpose yond 5 cm from the beam axis into the FPC. We note that
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the window is located at 7.9 cm from the beam axis. For gradient of 10 MV/m.
lower gradients of 3 and 5 MV/m, only two sites are found Table 2. Back-scattered electrons
in each case. Emission characteristics of those sites are
summarized below in Table 1. Site neak Ev /peak Iavg AE

Table 1. Possible direct hit sites (cm) (MeV) (MeV) (puA) (puA) (M
2

)

A+0.5969 4.07 2.55 4.78x10-6 3.25x10- 6 0.521
Site Ekin J AO AE E,.f B-0.4696 3.78 2.37 6.50x10- 5 1.26x10- 5 1.71x10-6
(cm) (keV) (A/m 2 ) (o) (i 2 ) (MV/m) C-0.4696 1.97 1.14 4.17x10- 3 1.75x10- 3 1.93x10-7

10 MV/m D-0.4696 1.47 0.805 2.43x10- 3 2.43x10- 3 1.55x10-7
C-0.5969 672 1.12 0.1 2.18x 10-5 19.6 E-0.4696 0.759 0.406 0.443 0.243 4.01x10-5
D-0.5969 92 2.13 0.5 1.3x10- 5  20.0 F-0.4696 0.323 0.168 1.06x10- 2 1.03x10- 2 6.79x10-2

D+0.8034 94 1.19x10- 15 2.5 1.03x10- 3  8.98
D+0.8825 118 5.19x10-i's 2.0 1.17x10- 2  8.27 B. Dark Currents
E-0.4696 157 0.69 0.25 4.01x 10-5 19.3
E+0.7243 92 8.94x 10- 13 10.0 3.51x 10-4 10.0 We find that almost every emission site near A, B, C,

5 MV/m D, E, and F is a potential source of dark currents with
E-0.1174 33 7.60x10- 14 0.1 1.74x 106 9.62 electrons transported out of the cavity when emitted at a
F-0.3522 32 2.82x 10- 24 4.0 4.59x 1017 6.63 proper phase. All possible emission sites have been identi-
3 MV/m fied. However, in this report we concentrate on the emis-

E-0.3522 25 0 0.1 00 6.09 sion site # 175, to be identified with the site C-0.4696 in
F-0.4696 16 0 0.5 oo 4.23 Table 2, for the case of 10 MV/m gradient(a factor of 2

_____- ________.... .... ... above design gradient). This site turned out to be one of

the strongest sources of field emission for the CEBAF cav-
20 Iity. Electron trajectories from this site moving parallel to

the beam axis are shown in Fig. 4. We find that electrons
10 emitted at phases between 105 and 1110 can form a bunch

with bunch length = 12.6 ps, energy = 3.32 MeV, energy
spread (rms) = 52.7 keV, bunch charge = 0.03 fC, and an-

0gular spread (half width) = 14.5 mrad. Half beam width
d e fof 1 cm at the narrow beam pipe is required for trajecto-

ries which form the bunch. Transverse phase space at this
-10 -point has a slope of 1.5 mrad/mm and an angular offset

of 14.5 mrad. Average current is estimated to be 45.6 nA
when AE = 1.93 x 10-7 M 2 is used. This indeed can cause
a significant background problem to Hall B experiments, if

2 0 2transmitted. However, it is expected that forward moving
-20 0 20 (cm)

Figure 4. Two field emission siteq which contribute to the field emitted currents from the linacs will be intercepted at
electron loading of the ceramic window, and to the gener- the spreaders(and backward currents at the recombiners,
ation of dark currents, respectively, are shown, respectively) because of low energy acceptance of less than

one percent level of such beam transport modules. On the
For back-scattered electrons, the impact energy and other hand, dark currents from injector cryomodules need

current of secondary electrons are calculated in a Monte to be stopped at the injector chicane. The effectiveness of
Carlo approach. We notice that each emitting area around transport elements in blocking dark current transmission
noses can further be divided into four subregions(two sub- merits further study.
regions near A and F ). Electrons from two of those sub-
regions(e.g., d and f in Fig. 4) move in general direction V. REFERENCES
toy ý.rd the FPC side, while field electrons emitted from
the remaining two subregions(c and e in Fig. 4) propagate [1] I. Ben-Zvi, J. F. Crawford, and J. P. Turneaure, IEEE
to the opposite end of the cavity. For a given 6 we also Trans. Nuci. Sci. NS-18, 166 (1971).
find that the emission from the site d(and from the equiv- [2] R. Klatt et al., Proc. 1986 Linear Accelerator Conf.,
alent site of other cells) is the dominant source of impact 276 (1986).
power on the window due to the fact that the primary elec- [3] B. C. Yunn, "URMEL/URMELT Study of the CE-
trons from such a site are produced at the rf phase near BAF/CORNELL Cavity," unpublished.
90* at the maximum acceleration. Interesting parameters [4] J. C. Amato, "Summary of HOM measurements to
of back-scattered electrons crossing the window are listed date," Cornell Univ. LNS report, SRF-831002 (1983).
in Table 2 for a few selected emission sites. We note that [5] R. H. Fowler and L. Nordheim, Proc. R. Soc. London
Table 2 is constructed from trajectories with the cavity A119, 173 (1928).
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Study on TESLA Cavity Shape*
Donglin Zu, Jia-erh Chen

Technic Physics Department, Peking University

Beijing 100871, P.R. of China

Abstract a 1 = 0 mode. Sometime one also likes to use term Af/f indi-
A new 9-cell cavity shape is designed for Tev Super- acting the size of dispersion. It is definited as following:

conducting Linear Accelerators (TESLA). The ratio of the Af _ 2(f. - fhi.)
maximal Surface electric field to the accelerating gradient, f f. + f-,.
E_/EW., was lowered down to 2. 024 in the center cell while Searching for a new celV shape
the cell to cell coupling is 1. 95y% for the 1. 3GHz accelerat- The goal of searching for a cell Shape is following:
ing mode. The properties of the higher order modes were in- 1. Epk/Eacc---2, cell number--.9;
vestigated with a "dissipated band model'. 2. cell to cell coupling k in the TMO10 mode>tl. 8% ;

Introduction 3. Tolerable Q..in all HOMs with couplers on the beam

At this time in the development of superconducting RF pipe.
accelerating cavities, the accelerating gradient is limited by Five independent variables describes a "CSC" (circle -
two phenomena, electron field emission and thermal break- straight- circle) type cell shape:
down. The first of these makes it imperative to choose a cell OR: cell outer radius;
shape that minimizes Epk/Eacc and the second phenomena to IR: beam tube radius;
minimize Hpk/Eacc. As field emission is the dominant gradi- R1 : curvature radius at iris;
ent limitation, there is considerable premium in lowering L: length of half cell;

Epk/Eacc. The cell to cell coupling(k) is also effected by the TD: degrees inclination of wall.
shape. The L is determined by the frequency as the particles to be

The concept of multicell cavity accelerated must be kept in phase with the RF oscillation.
The TD is held in 79* in cousideration of stability macheni-As everyone know, for the standing- wave modes, the

multi-cell cavities behave like weakly coupled oscillators. cally. This leaves three parameters to explore. Because ecch
of the three parameters affects the fundamental mode fre-

When going from a single-cell cavity to a multicell cavity

with n cells, one single-cell mode splits into n different multi- quency, our strategy is adjusting the IR as well as R1 for a
certain OR value to obtain the right frequency 1. 3 GHz.

cell modes, each of which has a slightly different frequency c cORding to ourakn the LiP 4-ce 1 a has

in a "passband" and a different phase shift 4 between differ-
the minimum in OR, RI and IR and Cornell 10-cell TESLAI

ent cells. The qth mode eigen frequency o), and its longitudi- the m aximum i f they all arele 1. 3G S. W

nal electric field En(q,t) in the nth cell can be expressed as
following formula respectively: try to choose a shape between the two set of extreme parame-

I ters. We found that it was important to keep the resonant
(4 -= cio X (1 + k(1 - cosa,))r (1) frequency nearly equal to 1. 3GHz in order to get the true

Eqt) = Eosin(2n 2-- a)coswt (2) Epk/Eacc. We also found that the IR nearly is proportional
to the OR when RI and TD keep invariant while TM010 fre-

Where k is the cell to cell coupling. The E0 is the maximum quency is kept at 1. 3GHz, as show in fiqure 1.
of longitudinal electric field. The a, is the phase shift.

q (q= 1,2 ...... ,n) (3) 40.5

39.0
The cell to cell coupling k could be indicated as following: 38.0

k (4) 37.0
2.1. - (1 - cos -7 ) f' 36.07'

The f, is the a mode frequency, in which adjacent cells oscil- 35.0

late with the opposite phase. Apparently, a mode is just the 34.0

accelerating mode. The f,/, is called "in phase" mode fre- 33.0

quency. As n goes to infinity, the a,= :1/n mode becomes a 32.0 0 ' 4..

102.0 102.4 102.8 103.2 103.6 104.0
ORiimn)

Ftq. i. Relationship between 1R and OR when keeping

"te resonant frequency of tundamental mode @1.3GHz
and R1f10mm,TD=79 degree

• supported by the National Science Foundation on China
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In URMELE13, the term NPMAX is the maximum of properties of accelerating mode of
number of mesh points. D. Proch and our experience tell us
Epk/Eacc is strongly a function of NPMAX as well as mesh BT cell Shape
density ratio D/d, as show in Figure 2 and Figure 3. We have re-calculated the cell shape of Cornell TES-

0 Eoeak/Eacc LA1 [2 ., KEK TESLA1 and LEP 4-cell with single in cell.
2.0 - The table 1 compares the properties of the fundamental mode

1.9 .of BT cell shape with that of the others. The data of Saclay

and DESY TESLA shape (in designing) come from D.

1.8 Proch. All of them are scaled to 1. 3GHz.

1.7 Computer tuning of BT cavity
We tune the 9--cell BT cavity by changing the end half

1.6 cell length with URMEL, 25000 mesh points. Fig. 5 shows

1. _ the half cavity input and the tuning curves. The field flatness

1. .... . .(AE./F.) is nearly 0. 028. The tuning sensitivity is 2880 Hz
1.4 per micrometer.

0.00 7000.00 14000.00 21ooo.00 28000 p r
mesh number

Fig. 2 The Epk/Eacc of a single cell sc cavity as a function of a)

mesh number.

-e--Ep/Eacc(ARES) . . ......
--- Ep/Eacc(BSC1) X. .

2.

2.1

- , ... .. ..

2.0 ... . ......... "--"--- -.......... :.... ---- ---- I".. . - :- - ?- . . . . . .. . . .

1.00 1.80 2.60 3.40 4.20 5.00
mesh D/d

Fig. 3. The Epk/Eacc of two single cell SC cavity as a func-
tion of mesh density ratio Did.

The true Epk/Eacc must be calculated with 25000 Mesh
points. It seems difficult to get a shape with Epk/Eacc 2. 0..
and k,>1. 8 Y for a 1"USC"1 type cell. .c

We try a "CSE" (circle-straight-elpse) type cell. The. ............ -- ----

A2 and B2 are the semid-axis length of ellipse at iris at y and x
directions respectively. The others are the same as that of .T ...-..

"CSC" type. Eventually we found a shape with Epk/Eacc= W2
2.024 and k=1. 95Y for a 9-cell structure. Figure 4 shows W....

the cell shape named BT shape.
Fig. 5. (a) Input shape of 9-cell BT structure for URMEL.
(b) tuning curve when L=5. 27cm, (ctuning curve when
L=5.28cm.

TM monopole HOMs of BT cell shape
We calculated the half- cell E field pattern of the BT

shape and LEP 4-cell shape. The spreads of the higher order

monopole modes of the two structures scaled to 1. 3GHz are

showed in Figure 6. The BT shape likes as LEP shape, has no
Fig. 4. BT cell shape mode passband overlap of the longitudinal mode and therefore
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no true multicell trapped modes results from the mode mix- Conclusion
ing. Fig. 7 Shows the geometry and dimensions of the 9-cell

bPassband] BT structure(A2=32, B2=16).
Although the dispersion diagrams, R/Q and Qext of the

first 80 monopole modes of the structure and the first 50
TM0l TMO20 TM021 TM012 TM030 TM031 monopole modes of LEP 4-cell structure were examined with

S- URMEL-T using "dissipated band model(33" developed by W.
¶1 -Hartung for comparison purpose. They still need to be exam-

ined with I-V method(4J. However it seems to be a promissing
TESLA shape candidate.

a Acknowledgement
TM0II TMO20 T1021 - 1TM030 TM031 Thanks are due to H. Padamsee and W. Hartung for

Y .. their guidance and giving SHAPE, SUMURM programs and
o T0,2 D. Proch for his parameter list and helpful discussions.

2000 2500 3000 3500 4000 4500 5000

Frequency (MHz)

Fig.6. the spreads of the six higher order longitudinal
modes for the BT cell shape and the LEP cell shape.

Table 1; Comparison of various TESLA Shape(LEP is non TESLA)

LEP Cornell KEK1 KEK2 Beijing 1 Saclay DESY
Numbers of cells 4 10 9 9 9 9 9
Requator(mm) 102. 2 109.0 104. 15 103.3 103.6 102. 2 103. 3
Rlris(mm) 32.67 40. 9 40. 0 38. 0 35.8 32.31 35.0
NPMAX in URMEL 20000 20000 20000 25000 25000 25000 25000
Hpk/Eacc(Oe/(MV/m)) 39.33 54.30 49.86 43.10 42.91 39.70 41.70
cell to cell coupling/k( Y) 2.0 1.8 1.22 2.66 1.95 1:42 1.85
R/Q (() per cell 121.48 90. 96 112.12 108.00 110. 87 124. 33 115.22
Epk/Eacc 2. 359 2. 054 2. 039 2. 220 2. 024 2. 000 2. 070
type of structure CSC CSC SCSCS CSE CSC CSC

Trapped monopole modes under 3
times of fund. frequency no no

27.9'

222- - r 152.8 57.6
I 2u I

Fig.7. Geometry and dimensions of 9-cell B7 superconducting accelerating
structure.
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Regulation Loops for the Ring Magnet Power Supplies
in the SSC Accelerator Complex
Eugenio J. Tacconit and Carlos F. Christiansent

Superconducting Super Collider Laboratory*
2550 Beckleymeade Avenue. MS 4004

Dallas, Texas 75237

Abstract II. VOLTAGE REGULATION
The SSC complex consists of five cascaded accelerators;

the linear accelerator (linac) and four synchrotrons: the low Twelve or twenty-four pulse power supplies are inserted
energy booster (LEB), the medium energy booster (MEB), the into the ring for energizing the ring magnets. The number
high energy booster (HEB) and the collider. Twelve or and ratings of the power supplies are as follows:
twenty-four pulse phase-controlled SCR power supplies are LEB, three twenty-four pulse power supplies, 2000V, 4000A
used for energizing the ring magnets. Each power supply has MEB, ten twenty-four pulse power supplies, 2000V, 5200A
a voltage loop designed to regulate the voltage applied to the HEB, four twenty-four pulse power supplies, 1000V, 7000A
magnets. The voltage regulation loops for these synchrotrons COLLIDER, forty twelve pulse power supplies, twenty 200V,
and the current regulation for LEB are analyzed in this work. 7000A and twenty 40V, 7000A.
The digital voltage regulator is fiber-optic isolated from the Each power supply has its own voltage loop and output
power converter. It has a closed-loop bandwidth of 150 Hz passive filter. The voltage loop is designed to have a high
with band rejections for 60 Hz and 120 Hz perturbations. The frequency response and its main function is to regulate the
LEB has a very precise current regulation system composed voltage applied to the magnets. It must follow a
by a feedforward compensator, a fast feedback regulator and a predetermined voltage reference related to the current
slow synchronous regulator. The current regulation design is reference, rejecting line voltage changes, offset errors and
corroborated by computer simulations. other voltage perturbations. Due to bandwidth limitations, the

voltage loop only rejects voltage perturbations up to 120 Hz
I. INTRODUCTION while the output filter rejects the ripple at 360 Hz and other

higher frequency perturbations [1].
The SSC basic design goal is to collide beams of The design of the digital voltage regulator is similar in

oppositely-directed protons at 20-TeV energy. A cascade of all ring magnet power supplies. The block diagram of the
accelerators provides protons at successively higher energy voltage loop is shown in figure 1. AC

into the following accelerator. Protons are brought to 0.6 GeV
in a linear accelerator. Following that are three booster Tm

synchrotrons: LEB which accelerates to 11 GeV in a 0.54 km c"t= ,o
circumference ring of magnets; MEB, which accelerates to
200 GeV in a 3.96 km ring; and HEB, which accelerates to 2 DOTAL 3-- -- • -- O _
TeV in a 10.9 km ring. The collider itself consists of two a AD

vertically separated rings, each a 20 TeV proton accelerator

87 km in circumference. The LEB and MEB are synchrotrons
using room temperature magnets; while the HEB and collider
use superconducting magnets cooled to liquid helium
temperature.

The magnet current has to be regulated with a tolerance Figure 1, Block Diagram of the Digital Voltage Loop
of a few parts in 106 (ppm) in all synchrotrons' magnets. This
high current accuracy is obtained by using a fast voltage A distributed grounding system is used in the magnet
regulation loop and a slow current regulation system. The string. The power supplies voltage to ground changes from
dynamic behavior is improved by using feedforward one synchrotron to another and is also depending on the
compensation, while adaptive techniques are needed to synchrotron operating condition. The worst case is in LEB
achieve long term stability. Both, voltage and current where an electrical isolation of 7.5 kV is required. In order to
regulation systems, are described in the following sections. obtain this high voltage isolation, optical links are used in the

voltage regulation for firing the power converter thyristors

* Operated by the Universities Research Association, Inc., for and to monitor the output voltage (Figure 1). A 12 bit A/D
the U.S. Department of Energy under Contract No. DE- converter digitizes the power converter output voltage at a
AC35-89ER40486. frequency rate higher than 50 kHz. The 12 bits digitized

* On leave from Leici, UNLP, Conicet, Argentina voltage is serial transmitted across the fiber-optic link. The
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optical receiver is followed by a digital filter which calculates regulation system with a high open-loop gain at dc and 10 Hz
the voltage mean value at a frequency rate of 1440 Hz. is necessary.

The error between voltage reference and voltage feedback
goes through a digital cascade compensator that also operates 400.

with the 1440 Hz clock. The compensator has an integral
action with very high dc gain and two passband filters at 60

3000
Hz and 120 Hz respectively. The compensator also includes a
linearizer to compensate the non-linear transfer function of
the power converter. 2W

The digital firing circuit is basically an open loop system
with a single 60 Hz PLL. It presents a high frequency ,0
bandwidth, having a time resolution better than 0.10.

The voltage loop feature includes a bandwidth of 150 Hz
with more than 20 dB rejection to 60Hz and 120Hz , 0.1 0.2

perturbations. The ripple at 720/1440 Hz and other higher tin* [MCI

frequency perturbations are rejected by the output passive
filter. Figure 2. Magnet Current Waveform

A prototype of the digital voltage regulator has been 10 Hz Biased Sinewave mode
developed and tested, with good results, in a twelve pulse
phase-controlled SCR power supply. A high open-loop gain at 10 Hz with adequate closed-

loop stability can not be simultaneously fulfilled by using a
conventional regulator. The regulation problem has been

HI. CURRENT REGULATION solved by combining feed-forward compensation and
conventional feedback regulation with frequency conversion

The period of the magnet current waveforms ranges from techniques.
0.1 second for LEB up to about 24 hours for collider. A
current regulation tolerance of a few parts in 106 is required
in all synchrotron magnets and in some cases (MEB - SZ _ fw

Collider) a precise tracking between bending magnets and a

quadrupoles or between sectors is also required. In order to
satisfy these requirements, different regulation schemes,
including feedforward, feedback and adaptive techniques are
used. In fast cycling synchrotrons (LEB, MEB) the emphasis
is made in obtaining a good dynamic behavior, while in the
slower superconducting magnets (HEB, Collider) the main

current regulation problems are related to long term stability
and noise and ripple reduction. Among the different ring
magnet current regulation loops, only the current regulation
design for LEB 10 Hz biased sinewave operation mode is
described in this paper.

The LEB magnet system consists of 48 dipoles and 90
quadrupoles connected in series circuit. The power system . ,

has to operate in either of two modes: 10 Hz biased sine wave --
and linear ramp. For 10 Hz biased sinewave operation,
dipoles and quadrupoles magnets resonate with 12 distributed Fig. 3. Block diagram of the current loop
capacitors [2]-[4]. The capacitors are bypassed by a 40 mHy 10 Hz. Biased Sinewave mode
choke to provide a path for the d-c component of the magnet
current. For the linear operation mode, the twelve resonat The schematic diagram of the current loop is shown in
banks are short-circuited. Three 24-pulse SCR phase- figure 3. The central computer provides the maximum and
controlled power supplies are inserted into the ring to minimum current values while the 10Hz biased sinewave
produce both current waveforms, current reference, synchronized with the utilities, is locally

The maximum and minimum current flowing through generated.
the magnets has to be regulated, in both modes, within The magnet current is measured with a very precise
50 ppm of the actual current. A typical required magnet Zero-Flux DC Current Transducer (DCCT). An analog
current waveform for the 10 Hz biased sinewave mode is differential amplifier with a gain of 30 amplifies the
shown in figure 2. For satisfying this requirement, a current difference between the current reference and the magnet
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current. A 18 bit D/A converts the digital reference current The feedback regulator has been designed with a
while a 16 bit A/D digitizes the differential amplifier output, proportional cascade compensator with a total gain of 20 dB.
D/A, A/D converters and the differential amplifier are built This additional gain is indicated in dotted line in figure 4.
inside the DCCT in a temperature regulated chamber with a The feedback loop is stable, having a closed-loop bandwidth
precision of 0.01'. The same current measuring system is of 20 Hz. Considering that the phase introduced at 20 Hz by
used for both LEB operation modes; while at least two high the voltage loop and passive filter is less than 30', a 60'
precision DCCTs were required in a former current phase margin is obtained. The feedback loop has a gain of 30
regulation design [51. dB at dc and 10 Hz. This gain is not enough to satisfy the

The digital current regulator is fully digital operating at a regulation requirements. The gain at low frequencies can be
frequency rate of 1440 Hz. It is composed by a feedforward increased using integral action but the gain at 10 Hz cannot
compensator, a feedback regulator and a synchronous be substantially increased, using standard techniques, without
lmiaj/min regulator. The voltage reference is generated by reducing the phase stability margin.
adding the outputs of the three regulation blocks. The three
ring magnet power supplies are driven by the same voltage Synchronous Regulator
reference.

The basic idea of the synchronous regulator is to take
Feedforward Compensator advantage of the periodicity of the reference current. The

current error is measured during one signal period and the
The feedforward compensator provides the necessary correction is synchronously and gradually applied during the

voltage for having a current flowing through the magnets that following periods. In this way, an equivalent high gain at 10
equals the reference current. This voltage waveform is also a Hz can be obtained while limiting the closed-loop bandwidth
biased sine wave calculated considering the load in perfect of the synchronous regulator to less than 1 Hz.
resonance. A feedforward system is an open-loop The high gain in the low frequency band is easily
compensation unable to correct current perturbations. It has obtained by integrating the mean value of the error signal
to be usually complemented with a feedback system. (dc). The integrator gain has been calculated for having a

correction bandwidth of 0.6 Hz.
Feedback Regulator Frequency conversion techniques are used for obtaining

high gain at 10 Hz. The residual 10 Hz sine wave on the error
For designing the feedback loop, the load characteristic signal is detected in amplitude (ac component only) and

has to be fully understood. The voltage loop has a bandwidth integrated. The output of this integrating amplifier modulates
of 150 Hz and the output passive filter is basically a second the amplitude of a synchronized sine wave.
order, critically damped, low-pass filter with a resonant The first step to design the a-c amplitude regulation loop
frequency of about 130 Hz. The admittance of the resonant is to obtain a mathematical model of the system including
load is represented in frequency domain in figure 4. detection and modulation processes. The block diagram of

figure 5 will be used for this purpose.

S [dB]

-' 0.0. 1 10 160 M O

~40
V

602 "'2

o i...........................................1 1.........Fig. S. Block diagram representing the
.20 - - - -, -, --- detection and modulation process

.N i In the above figure, the signal demodulation has been
.la, ;implemented with a synchronous or a linear phase detector

.140

.19, [6]. In fact, as the carrier frequency is available, this efficient
method for amplitude or phase detection can be readily

implemented. The ac ,and dc components of the error signal
Figure4. Magnitude andphasefrequencyresponse are filtered with the integrating amplifiers Fac and Fa

of the load admittance respectively.
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The frequency response of the equivalent feedback
F., = Ka. Fd, = K.. regulator is represented in figure 6 using the following

s s constant values: Kp =10, Kdc =40, Kc= 160. The effect of

The amplitude modulation and detection are nonlinear the proportional feedback regulator as well as the ac and dc

processes that can be handled by the Laplace transform using components of the synchronous regulator can be easily

s-plane convolution [7]. The same structure employing a identify in figure 6. Using equation (5), the transfer function

multiplier excited by the 10 Hz sine wave is used in figure 5 of the total open-loop feedback regulation can be calculated.

for implementing both, modulation and detection processes. Its frequency response is represented in figure 7.

Denoting the Laplace transform of ec(t) and u(t) by
Eac(S) and U(s), the transform of both products can be 60 .: Magnitdll e

expressed by the following s-plane convolutions. [dB]
50

U(S) f 5~S(k) E.,c(s - X) -dX (2)

Va (S) = S(kJ). U(S- X). dX (3) ,n.[

-10

Both convolution integrals are readily evaluated by .2
taking residues at poles of S(.). Neglecting high frequency
components, the transfer function of the ac synchronous
regulator can be approximated by Figure 7. Magnitude frequency response of

the total open-loop feedback regulation
Vac(s) Ka s (4) Comparing figures 4 and 7, the improvement of the

E(s) 2 s' o 0 synchronous regulator is apparent. The 20 Hz closed-loop
Thus, the transfer function of the equivalent feedback bandwidth, controlled by the proportional constant K,, has

regulator can be expressed by not been modified. The system is stable, the phase margin has

been reduced in only 60 (equation (5)) and the equivalent

V(s) K +open-loop gain at dc and 10 Hz has been dramatically

K + d. + . 2(5) increased. The constant values Kdc and Kac have been chosen
E(s) S 2 S2+ (02o5 for having a correction bandwidth of 0.6 Hz for both, dc and

where Kp represents the proportional gain of the feedback 10 Hz components.

regulator. IV. SIMULATION RESULTS

so Magnitude The linear phase detector of figure 5 has been replaced,

70 t in figure 3 and in the computer simulations, by a timing
circuit and two sample and hold. The timing circuit generates
sample pulses synchronized with the maximum and

so :minimum of the magnet current. Two sample-and-hold
circuits measure the current error at the maximum and

40 DC
minimum points. Thus, this measuring system works in a

Proportional similar way as a synchronous detector but has a different d-c
gain. In fact, if the error signal is a non-biased sinusoid with

1, .amplitude I and the same frequency and phase of the carrier

Frequency tHzl signal s(t), the difference between maximum and minimum
* ................................................................................................................ sam ple-and-hold outputs will yield a d-c com ponent of

0., , 10 100 amplitude 21. Under similar conditions, the output of a linear

phase detector would be W/2. The addition of the maximum
,and minimum sample-and-hold outputs is proportional to the

Figure 6. Magnitude frequency response of the equivalent admnmmsml-n-odotusi rprinlt h
efreqenacy resaone oerror signal bias and is used to drive the dc regulator. The
feedback regulator dynamic behavior of the feedforward compensation and the
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feedback regulation is shown in the simulation results of In the first part of figure 9, a 10% error feedforward
figures 8 and 9. compensator and the feedback regulator are in steady-state.

At a time of 1 sec, the ac/dc synchronous regulator is
AM current connected. The figure shows that the residual current error

lamps)
3500 lgoes to zero with a constant time, for both ac/dc components.

of about 0.25 sec, corresponding to a bandwidth of 0.6 Hz.
3M0

"a-o V. CONCLUSIONS

The analysis and design of the digital voltage regulation
Iwo kfor all ring magnet power supply as well as the current
M** regulation system for biased sinewave current mode of LEB

have been presented.
500 Conventional feedforward and feedback techniques are

0 .--- .... not enough to maintain the magnet current within the
0 1 2 34tmism required tolerance. A synchronous feedback regulator based

.o:time [! on the periodicity of the current waveform has been used to

improve the current regulation performance. The current
SDifference between reference and magnet current regulation design has been corroborated by computerby using feedjorward compensator simulations. The prototype of the described digital current

The time domain response of the feedforward regulator is still under development.

compensator is shown in figure 8. At the time origin, the
feedforward compensator is connected while the feedback and
the synchronous regulator remain disconnected. The
reference current waveform is as shown in figure 2. The [1lE. Tacconi. "LEB Ring Magnet Power Supply System.
figure shows that if a good model of the plant is available, Voltage and Current Regulation Design", SSC Laboratory
due to the action of the feedforward compensator, the current SSCL-N-785, January (1992).
error goes to zero in a few seconds.Due to changes in the load, specially in the resonant [2] J. R. Sanford and D. M. Matthews, "Site-Specific

capacitors, a good model of the load is not always available. Conceptual Design of the Superconducting Super
In the following simulation the feedforward compensator
output has a 10% error in the dc value as well as in the
sinewave amplitude. The feedback regulator has a fast [31]C. Jach, "Switchable 10Hzl1Hz LEB Magnet Power
response (20 Hz bandwidth) and reduces the residual dc and Supply System", Conference Record of the 1991 IEEE
ac current errors by a factor of 30. Particle Accelerator Conference, Vol. 2, pp. 816-818.

Current [4] C. Jach, R. Winje, E. Tacconi, R. Harold and K. Smedley.
lampsl "Low Energy Boolster Main Magnet Power Supply

10., System", Proceedings of the 1992 Third European
9 Particle Accelerator Conference, Vol. 2, pp. 1438-1440.

7 [51E. Tacconi, C. Jach and R. Winje. "10 Hz resonant LEB
6 magnet power supply system, current regulation design".

Conference Record of 1992 IEEE Nuclear Science
s Symposium and Medical Imaging Conference, Vol. 2, pp.
4 1018-1022.
3

2 [6] P. Horowitz and W. Hill, "The art of Electronics",
Cambridge University Press, (1989).

0 .. ... .......

0 1 2 3 A [71W. R. LePage, "Complex Variables and the Laplace
time [$" Transform for Engineers", New York, Dover Publications,

(1980).
Figure 9. Difference between reference and magnet current

by using feedback synchronous regulator
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HIGH POWER CW KLYST.C3E@ AMPLIFIER FOR 267 MHz

M. B. SHRADER, D. H. PREIST AND R. N. TORNOE
VARIAN POWER GRID TUBE PRODUCTS

301 INDUSTRIAL WAY
SAN CARLOS CA 94070

TUBE DEVELOPMENT
ABSTRACT

The development plan involved scaling the

A 250 KW CW 267 MHz Klystrode has been designed existing 425 MHz LANL/SDI Klystrode REF [9] downward
and built as part of a major program in conjunction in frequency and upwards by a factor of 5 in average
with the Chalk River National Labs (CRNL), Chalk power handling capability. The plan called for using
River, Ontario, Canada. The high CW power design has the identical electron gun from the 425 MHz tube,
evolved from previous work for UHF television and the scaling the input and output cavities to the proper
SDI program. A major step was taken on this program frequency and designing a new and much larger
to simplify and reduce the complexity of the RF input collector to handle the CW power.
circuit. CW power in excess of 250 KW and
efficiencies in excess of 70% were readily obtained Fig. 1 is a photo of the complete tube, gun,
with power gain in excess of 21 dB. Three tubes and output cavity and collector: dramatic evidence of
associated circuitry were tested and delivered as the compactness of the 250 KW Klystrode when compared
part of the effort. to a 3-story high klystron which would be required

for the same power and frequency.

INTRODUCTION

Klystrode® technology has continued to expand
both in UHF TV service and in the high power
accelerator field. The basic Klystrode operating
principles are now well understood and accepted in ,

the U.S. , and their application is expanding
overseas. The operating principles have been
described in numerous publications by the authors and -
others. REF [1] -[9]. The Klystrode depends upon
density modulation of an electron beam at the cathode
by a control grid and acceleration of the bunched
beam into an output cavity. These simple basics have
survived for over a decade and continue to make
possible unique compact highly efficient UHF RF power
sources at many different power levels and
frequencies.

CRNL PROGRAM4

In September of 1989 Varian Power Grid Tube f
Products entered into an agreement with Atomic Energy
of Canada Ltd. (AECL) to design, develop and produce
three 267 MHz, 250KW CW Klystrodes. The Klystrodes
were to be delivered to CRNL and used to drive a test
accelerator. This program, which was partially
supported by the U.S. SDI Organization, represented
the first effort at obtaining high CW power (>50KW
CW) from a Klystrode. The program was also the first
to have as an objective the study of the suitability
of CW Klystrodes as accelerator drivers without the
use of isolators between the source and accelerator
cavity. FIG 1

250 KW Klystrode

Previous to this program the highest power
Klystrode developed was a 500KW peak 50KW average INPUT CIRCUIT PROGRAM
power 425 MHz Klystrode sponsored by SDI and Los
Alamos National Labs (LANL) under Contract No. Testing of the complete amplifier system began in
9-XSD-7840D-1 REF [9] . This tube, which met or the summer of 1991. The output circuit of the 250KW
exceeded the contract goals, served as the basis for Klystrode is a simple single tuned cavity similar to
the design and the procurement specification for the those used on high power klystrons. The input
new 250KW CW 267 MHz Klystrode. circuit was scaled in frequency from the 425 MHz SDI

tube and from the EIMAC UHF TV Klystrode manu-
OBJECTIVES OF THE PROGRAM factured by Varian. The input circuit relied on a

folded coaxial cavity which was designed to present
Power Output - CW: 250KW the proper phase and amplitude RF voltages between
Operating Frequency: 267 MHz the grid and cathode, to furnish the RF drive, and
Efficiency: 70% the proper phase and amplitude voltage between grid
Beam Voltage: 65 KV and accelerating anode to permit stable operation.
Beam Current: 5.5A Depending on these phase and amplitude relationships,
Power Gain: 20 dB Min. the input circuit could either be regenerative or
Tuning Range: ±2 MHz degenerative with stability depending on how the
Bandwidth 3 dB: ±1 MHz coaxial lines were tuned.

0-7803-1203-1/93$03.00 0 1993 IEEE
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In TV service and in the 425 MHz Klystrode, this Fig. 3 shows how the probe voltage varies with
basic design has worked well giving good power gain power output. Power output and beam current versus
and long term stability. On the CRNL program at 267 drive are also shown. Good linearity with no
MHz the input circuit turned out to be a different discontinuities or instability has been repeatedly
story. It was soon discovered that a Ferrite demonstrated.
isolator between the driver Klystrode and final
amplifier was required to secure any degree of
stability.

A fresh look at the input circuit was started as
a parallel program in January of 1992 while testing s00 100 10
of the HPA continued with the original circuit. A
strip line mockup of a totally different approach was VARIAN EIMACK2KOW2PA 90 9
tested using a Klystrode gun tester which was built KLYSTRODETUBE
during the 425 MHz SDI program. The circuit involved 4 7.O MHz. KVB 67.0 5

a simple tuned circuit between grid and cathode and a

novel means for handling the RF circuit between grid - 70 7
and accelerating anode. The details of this_ mVSL
breakthrough in Klystrode circuit technology will be
the subject of another paper. 300- 2 6

Fig. 2 shows the new input circuit (square box) -- s >
assembled on the high power Klystrode with lead I
shielding, magnetic coil and tube stand. Overall 200 - 40 4
height of the complete amplifier is 72".

-30 3

100 20 2

10 1

0 0 10

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

RF DRIVE (K(W)

CW OUTPUT (KWo). BEAM CURRENT (18).
CAVITY SAMPLE LOOP VOLTAGE (mVSaJ

VERSUS RF DRIVE

FIG 3
e--Input

Figs. 4 shows overall bandwidth of the HPA. The +1
MHz 3 dB requirement was exceeded. Fig. 5 is a plot
of output phase change versus RF output. An 80%
change in power output gives only a 250 phase
change. Fig. 6 shows phase change versus a VSWR and
phase angle of the load for VSWR of 1.5.

FIG 2
New Input Circuit 400 I 111 1 I III

Assembled on Klystrode VARIAN EIMAC 2KDW2SOPAKLYSTROOE TUBE 7

TEST RESULTS - * .7.0. RF Dd. Poww . 1.23 KW

The test procedure followed a pattern of starting S 5
with low duty pulsing, and as the tube aged in and Kthe proper loading and tuning were accomplished, the 200 4
pulse length and repetition rate were increased until
CW conditions were reached. Pulsing the low level - 3
drive stages and frequency sweeping made it I
relatively easy to monitor and adjust all of the tube IN 2
and circuit parameters with little risk to the High
Power Amplifier (HPA) . Since one of the prime I
objectives of this program was to operate the HPA ____________________________

into an accelerator cavity without the use of an 0 L• 1 0
isolator, an output cavity sampling loop was

installed internal to the tube. The purpose of the 1(M1z)
loop was to monitor the output cavity gap voltage, OVERALLBAN•WIDTH.I.CONSTANTDRIVE
and through suitable control circuitry adjust the 2S0KWRFOUTPUT
drive to the system to compensate for varying loads
presented to the HPA. The data for the loop is
presented; its effectiveness has yet to be determined FIG 4
when the HPA is coupled to the accelerator cavity.
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CW powers in excess of 280 KW were measured and Normal operating beam voltage for 250 KW CW is
efficiencies of 72-74% were readily obtainable. 65-67 KV. The cavity and tube were high voltage
Power gain in all cases was greater than 21 dB. CW processed to 100 KV and tested at 85 KV. This was
testing also included operating the amplifier into a accomplished with air insulation thus eliminating the
1:5 VSWR load with the phase of the load adjusted to need for oil or SF A 24-hour burn-in run was
present the highest and lowest impedance to the successfully completed at the 250 KW CW level.
amplifier. Under these conditions 235 KW and 260 KW
CW were obtained. The test was repeated with VSWR of
3:1 and 70 to 62 KW CW measured.

CONCLUSION

Klystrode technology has come a long way in the
4 1 1 1 1 1 1 1 1 1 1past decade, and the successful completion of this

SVARIAN EIMAC2KDW2S0PA project has demonstrated that there is no technical
0 KLYSTRODETUSE reason why Klystrodes cannot generate high CW powers

267 MHz, KVB , KW. -20, with excellent efficiency and reliability. The 250
28 LOADVIWR 1.0 KW CW Klystrode developed on this project points theway for the next logical step of 1 MW CW. The

0 frequency of operation at this power level could be
24 - from 100 MHz to 800 MHz depending upon the need. The

70-74% efficiencies obtained give an attractive base
22for further increases in efficiencies by coupling
2 Klystrode technology with multiple output cavities

o and/or multiple-stage depressed collectors. 80%
efficiency and 1 MW CW would certainly be an

l1 -- appropriate target for the next step.
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DEVELOPMENT OF MULTIMEGAWATT KLYSTRONS
FOR LINEAR COLLIDERS

G. Caryotakis, R. Callin, K. Eppley, T. Lee, K. Fant, R. Fowkes,
H. Hoag, C. Pearson, R. Phillips, S. Tantawi, A. Vlieks, E. Wright

Stanford Linear Accelerator Center, Stanford, CA 94309 USA
E. Lien, Los Altos, CA

G. Miram, Atherton, CA.

Abstract sumption is prohibitively expensive, given the number of tubes
A number of experimental klystrons have been con- in the machine.

structed and evaluated at SLAC, KEK and INP, aiming toward The magnetic focusing issue is not serious. Superconduc-
output power objectives of 100 and 120 MW at 11.4 GHz tivity provides a solution, and beyond that, there is reason to
(SLAC and KEK respectively) or 150 MW at 14 GHz (INP), hope that periodic permanent magnet focusing (PPM) can be
with pulse lengths on the order of 1 Vs. Since rf breakdown is made to work for these tubes.
considered to be the principal mechanism limiting power for The principal problem is the pulse length in combination
such tubes, most of the effort has been concentrated on the with high peak power. In a well-designed klystron with good
design of output circuits that reduce rf gradients by distributing beam optics and little beam interception, the vulnerable areas
fields over a longer region of interaction. Another klystron will be the windows and the output circuit. Windows have in
component receiving emphasis has been the output window, fact accounted for most of the experimental klystron failures at
where the approach for future tubes may be to use a circular SLAC. The weakness is in the metallized and brazed joint
TEO -mode, half-wave window, between the ceramic window and its copper sleeve. There is a

Best results to date in this continuing international effort solution, however, described later. The major remaining hurdle
are: 50 MW with 1 ps pulses, using a traveling-wave output is in the output circuit which must develop high gradients in
circuit (SLAC and INP), and 85 MW with 200 ns. pulses order to extract energy from the bunched beam and may cause
(SLAC), using two conventional reentrant, but uncoupled, out- breakdown in vacuum.
put cavities. At KEK a klystron with a single, but not reentrant, To avoid very high gradients, interaction between circuit
cavity has produced 80 MW in 50 ns pulses. Finally, Haimson and beam must take place over an extended space, rather than
has demonstrated 100 MW at 50 ns with a traveling-wave out- the usual short gap in a reentrant klystron cavity. Such
put. This paper addresses primarily the work performed at extended interaction circuits, however, whether of the standing
SLAC during the last two years. or traveling wave variety, are large compared to wavelength

and capable of supporting unwanted modes or resonances.
I. THE PROBLEM Some of these may be trapped if they do not couple well to the

output waveguide. When excited they can develop very high
A future electron-positron collider, if it operates at X- fields and cause oscillations or, if they are of the dipole variety,

Band, will require approximately 2000 klystrons at the steer the beam into the drift tube. These effects may not mani-
100 MW level, for a center-of-mass energy of 0.5 TeV. For 1 or fest themselves unless the beam pulse is long enough, due to
1.5 TeV, which are top energies that physicists would like to high Q's and long filling times, in some cases appearing 200 ns
build into the design of such a machine, the number of tubes or more after the onset of the pulse.
becomes so large that economics would force consideration of The work at SLAC has been focused on the study of vari-
sources with powers of more than 100 MW per unit. Such ous output circuit alternatives, the objective being to minimize
sources may have to be different from conventional klystrons. rf gradients while maintaining good interaction efficiency. In
Research on other devices is in progress at various institutions, parallel with this effort, various types of output windows have

The conventional klystron (with some form of extended been evaluated in a resonant ring.
interaction output) appears to offer the most direct, and proba-
bly the most economical approach to the 100 MW level for II. EXPERIMENTAL KLYSTRONS
several reasons: The peak power has already been demon-
strated, the necessary manufacturing processes are standard, Results on the first three experimental klystrons built at
and the klystron is a high gain, stable, sturdy tube, capable of SLAC were reported at this conference two years ago. Subse-
high average powers. There are two remaining problems: Pro- quently, the basic klystron was redesigned, with new optics and
ducing 100 MW at the required pulse length, which in current provisions for re-using a tube, by switching output circuits.
SLAC collider designs is 1.5 lts; and finding an alternative Five tubes were built with this configuration. The gun for these
focusing system for an electromagnet, since its DC power con- tubes has a microperveance of 1.8 and an an area convergence

of 100. It is not intended for extended service and has both
high cathode current loading and high gradients. Beam param-

*Supported by Department of Energy contract eters for the XC series of tubes are listed in Table i.

DE-ACO3-76SF00515.
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Table I: Beam parameters for XC series of SLAC klystron 100 1

Voltage (kV) 440 8 XCI
80 -O0XC2

Microperveance 1.8 0 XC5

Tunnel Diameter (cm) 0.953 • 60 a XC6

Filling Factor (nominal) 0.65 • 40 -

Solenoid Field (kG) 5.7
20-Type A TypeB

0
0 200 400 600 800 1000

RF Pulse Width (ns) 7,M

Figure 2. Effect of pulse width on achievable peak
power.

circuit. The approach has been to apply standard klystron or
traveling-wave tube design formulae, and analyze candidate

,$ circuits for R/Q, coupling coefficient and surface gradients
using SUPERFISH and MAFIA. Subsequently, large-signal
interaction beween beam and circuit is investigated with either

XCl & XC6 XC2, 3, 4 one-dimensional disk models or two-dimensional particle-in-
Type C Type D cell codes. In the early stages of the program, the latter were

T Dnot available except for the simpler varieties of standing-wave
circuits, but now it is possible to simulate both standing and
traveling-wave circuits with either CONDOR or MAGIC.

• -) •A single reentrant cavity (Fig.1, Type A) in XCI produced
less than 20 MW without pulse breakup at a full microsecond.
The tube failed because of a broken window, but a post-mor-tem showed severe erosion of the output cavity drift tube tips.

I, The cavity interaction gap was 0.5 cm long and 0.95 cm in
Sl "diameter. The calculated gradient at the gap (for 100 MW out-

. .put) was 1 MV/cm. Clearly, that was excessive.
More recently in the program the XC6 klystron used two

uncoupled Type A cavities with much better results. The spac-
XC5 & XC7 XC8 ing and tuning of the cavities was adjusted by CONDOR simu-

54- MU2MA lation to divide the output power equally between the two
Figure 1. Five types of output circuits tested by SLAC cavities. Actual tests showed good agreement with theory in
in XC series. both power distribution and predicted efficiency as seen in

The klystrons built in this program to date have been des- Fig. 3 This klystron failed because of gun arcing before testing

ignated XC1 through XC8. All tubes in the XC series were was completed. It also produced 50 MW at a pulse length of

equipped with two output waveguides and two output win- 700 ns and could conceivably have been processed to the same

dows, except for the XC6 klystron which used four or longer pulse length at 86 MW. Power from the four

waveguides and windows. waveguides was measured independently. A complete test of
the tube would have included combining the power from the

III. OUTPUT CIRCUITS two cavities in two Magic-Ts, but the gun failure prevented
futher tests. XC6 will be rebuilt.

Five types of output circuits have been tested and are Output circuits of the B type (2n transit angle beteen two
shown in Fig. 1.Representative results for each type of circuit inductively coupled cavities) were used in three klystrons. Two
are shown in Fig.2. of these are still in use as power sources. A third, XC4, was

The basic strategy in the development of output circuits is built with no windows and integral loads in order to test the
to reduce rf gradients immediately next to the beam, while pre- power limits of the circuit without window failures. The circuit
serving a high degree of overall coul5ling between beam and
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employed these windows. They are not reliable with longer•. 100 -pulses and have failed in resonant ring tests as well. In one
:2 M- - such test the onset of failure was recorded with a TV camera,

8C 0 making it obvious that the eventual discharge which fractured
Sthe window originated at a hot spot on the periphery, at the

maximum field point.
60 The SLAC design for the RF feeds in the linear collider

calls for 7.5-cm TE01 waveguides connecting klystrons to
pulse compressors and to the accelerator. A very compact and

~o 40 •very efficient WR-90-to-circular waveguide transition has been
developed for this purpose. It is planned for use in future

S20 / or - Pout a Pout (calculated) klystrons, together with a half-wave TE01 window. We expect
0 Efficiency (meas.) * Efficiency (calc.) a single window of this type to operate well at full peak power

Gain (measured) a Gain (caic.) and pulse length.
0.0

0 100 200 300 V. KLYSTRON DEVELOPMENT IN JAPAN
_-0 RF Input Power (W) 742W AND RUSSIA

Figure 3. Comparison of computed and measured The Idystron development program at KEK (and Toshiba)
performance of XC6--two uncoupled output cavities parallels the work at SLAC. The approach differs in that the
(200 ns pulses, 60 pps). microperveance used is 1.2 instead of 1.8, but future work at

failed at approximately the 40 MW, 1 IAS level and was found SLAC will also be performed at lower perveance. The output
to be badly damaged in the iris coupling the two cavities, circuit used is a single TM01 cavity, with no reentrancy, but

The XC5 klystron employed a Type C traveling-wave out- with a longer transit angle than the reentrant cavities in SLAC
put. This disc-loaded circular waveguide circuit operated in the klystrons. The calculated gradient for this cavity at the
2/3a mode, but at the time of its design only one-dimensional 120 MW output level is 720 KV/cm. This ldystron is reported
simulations were possible. These predicted good efficiency but to have produced 80 MW with 50 ns pulses, at an efficiency of
provided no detail on either matching conditions or surface 30%.
gradients. This klystron produced 52 MW at 1 Ips (29% effi- There are no recent results reported from the Russian
ciency) with excellent stability and no pulse breakup. It was klystron effort at Novosibirsk and Protvino. The Russian fre-
lost because of an open cathode heater. The tube was rebuilt quency is 14 GHz, and the previously published performance
with a modified output, using four, rather than three cells prior of their very advanced klystron (grid-modulated, PPM focused,
to the waveguide coupler. This circuit was not as successful; traveling-wave output) was 55 MW at 700 ns.
although its efficiency was comparable, it could not be oper-
ated at the longer pulse lengths, conceivably because of a VI. FUTURE PROGRAM AT SLAC
trapped mode. traped mde.The XC8 klystron will be the last of the experimental

Standing-wave disk-loaded waveguide circuits, operate in klystron will be the last of the expriet
the n-mode with thick disks and large iris openings (Type D). klystrons at SLAC aiming at the 100 MW level with a microp-
The result is a very low R/Q and low surface fields in the vicin- erveance 1.8 beam. The next klystrons will be 50 MW, 1.5 Als
ity of the beam. Because of the low R/Q, the optimum loaded sources for the NLCTA (Next Linear Collider Test Accelera-
Q is relatively high (about 100) which, together with the large tor), which requires four klystrons. They will operate at the
separation between the 0 and n modes due to the large irises, same voltage (440 Ky) as the XC series, but at a microper-
results in little mode mixing. Calculated surface fields at 100 veance of 1.2, so the transition to the new design will notMW are on the order of 350 KV/cm at the entrance and exit of involve too many new parts. The first tube in the series will use
the circuit and 850 KV/cm at the middle iris tip. a 3-cell n-mode standing wave circuit (Type D) and a TE01window. An improved, CONDOR validated, traveling-wave

IV. WINDOW DEVELOPMENT backup design exists. The first tube, XLI, should be tested in
August. Shortly after that it is expected that a PPM version of

In the early stages of the program the windows used were the XL1 will be built and tested.
thin circular ceramic wafers, approximately 0.8 mm thick, A new modulator is being constructed at SLAC for the
coated with titanium nitride. These windows had the virtue that purpose of eventually continuing the 100 MW program at a
they were very wide-band and largely free of ghost modes, thus microperveance of 1.2 and 550 KV. This phase should begin
reducing the risk of trapping modes in the output circuit, or the when the tubes required by the NLCTA are delivered.
window itself. They were found to be very fragile, both in reso-
nant ring tests and in the tubes themselves. They were replaced
with 0.43 wavelength windows (TEll mode, 3.7 mm thick).
All klystrons tested in the latter stages of the program
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CEBAF's New RF Separator Structure Test Results*
Resa Kazimi, J. Fugitt, A. Krycuk, C. K. Sinclair, L. Turlington

Continuous Electron Beam Accelerator Facility
12000 Jefferson Avenue, Newport News, VA 23606 USA

Abstract at 501 MHz is our desired mode [2]. The unloaded Q factor

Prototypes of the rf separator for CEBAF have been for this mode was measured to be 5400.

made and successfully beam tested. The structure is a O 100 HAD 12.8 08/ ,1. -104.7 68 U-48.94 d9

new design which has a high transverse shunt impedance 1- -F- .

together with a small transverse dimension compared to l -- -

tors will be used at CEBAF to allow beam from any one 7 0A.0

of the five recirculation passes to be delivered to any of the

three experimental halls. We have already described the -..-

basic design of the structure and theoretical calculations.
we have also reported some results from rf measurements 4
and beam tests. In this paper we present more beam test
results, our final design parameters, and test results ofcou- - -vg

pling two 1/2 wavelength cavities together. 1 -00.

1. INTRODUCTION

The CEBAF rf separator is a new design [1]. In our .TART .3 6 .4 GR. BTO" .67W 794 890 0.3

previous paper we have discussed the purpose of rf sepa-
rators at CEBAF, the basic design of the structure, and Fig. 1 Cavity modes from 320 MHz to 580 MHz.
characteristics and advantages of the new structure [2].
The following sections present a summary of our previous III. BEAM TEST RESULTS
test results and an update of our progress. For our test, we used the electron beam from the

II. TEST CAVITY RF TEST CEBAF injector at 45 MeV. Consequently, only 9.5 W
of rf power can produce a separation angle of 0.5 mrad, or

A test cavity with the dimensions listed in Table 1 0.5 cm separation at 10 m away. This is a large enough
was constructed [2]. Since one can not incorporate all the separation to easily measure on a view screen. At approx-
geometrical details into MAFIA to arrive at the exact res- imately 9 m downstream from the separator cavity, the
onant frequency, the rods were intentionally made slightly beam can be observed on a view screen and measured by
longer than needed. This resulted in a lower resonant fre- a harp (a wire scanner). As soon as the rf was turned on
quency, about 489 MHz. Then, through several iterations to the cavity, the one beam spot on the screen was split
the rods were cut shorter and the resonant frequency was into three spots (Fig. 2). Changing the rf phase changed
raised to about 1 MHz above the 499 MHz target. The the relative positions of the three spots.
final tuning was done with capacitive tuners which come
in at the center of the cavity and are capable of driving the
frequency down as much as 20 MHz with little degradation
of the Q.

Table 1
RF Separator Test Cavity Parameters

Frequency 499 MHz
Cavity length 30 cm
Cavity diameter (dour) 33 cm
Gap between facing rods 2 cm
Rod separation (center to center) 4 cm
Rod diameter (d) 2 cm Fig. 2 The separated beam on the view screen. Two and
R±/Q (MAFIA) 47 kfk/m three beam creation.

Figure I shows the frequency spectrum of the cavity Since the beam is split in the y direction, the beam
(before tuning) fromws20 to 580 Msp.Thesectmond moe i was focused in y and defocused in z to give a sharper signal

(before tuning) from 320 to 580 MHz. The second mode in the y direction. Figure 3 shows the harp traces of the

beam for the two different rf phases. The first signal on
*Supported by D.O.E. contract #DE-AC05-84ER40150 the harp trace is the x scan and the others to the right of it
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are the y scan. Using the amount of the beam separation to the minimum separation between the rods. The radius
vs. rf power, the measured R±/Q was determined to be of the spheres is equal to the minimum radius on the rods,
43.8 ± 2.4 kW/m, which compares well with 47 kfl/m and the voltage on the spheres is the maximum voltage

from MAFIA. (R± = Y-; V1 is the integrated deflection between the tips of the rods.
voltage.) We measured the field uniformity by moving the VI. COUPLING TWO A/2 CELLS
beam within the cavity aperture and observing the change
in the amount of the deflection; however, we did not see Two A/2 structures can be coupled to each other to
a significant change. We also measured the emittance for obtain a 60 cm long two-cell structure. The longer struc-

zero and maximum deflection. We observed, within 10% ture will require half as much rf power for the same de-

measurement error, no change of the emittance due to the flection. The coupling is done magnetically through two

separator. This is consistent with the very short measured rectangular shape (2" x 5") openings in the wall between

bunch length in the CEBAF injector. the cells. This coupling creates symmetric (zero mode) and
anti-symmetric (w mode) fields in the structure. The size

a) of the opening is chosen to produce about 2 MHz separa-
tion between the modes. We arrived at this frequency sep-
aration by iteratively increasing the size of the openings.
The desired mode is the 7r mode in which the deflection

__....____.. ..... from the first and second cells adds. Because of magnetic
-.. - coupling the ir mode has a lower frequency than the zero

mode. To confirm which resonant frequency is the zero
b) and which is the i" mode experimentally, a cold model was

used. The phase of the magnetic field was measured in one
of the cells at both frequencies. Then without changing the
orientation of the loop, the loop was moved to the other
cell and the phase of the magnetic field was measured again
at the same frequencies (Fig. 4). At the lower frequency

- - -mode, the phase was changed by 180 degrees between the

two measurements; however, at the higher frequency mode,
Fig. 3 Harp scan of the beam for a) two and b) three the two measurements had the same results. Therefore, the

beam creation. lower mode was the desired w mode.

VI. FINAL DESIGN PARAMETERS a) *

The parameters for the CEBAF RF Separators are 1:-168*

listed in Table 2. 2:1690 -R ER

Table 2
CEBAF RF Separator Parameters

Frequency 499 MHz
Cavity length 30 cm
Cavity diameter (dour) 33 cm -.

Gap between facing rods 1.8 cm
Rod separation (center to center) 3.5 cm
Rod diameter (d) 2 cm
R.L/Q (MAFIA) 75 kfl/m
Max surface E-field <0.5 Kilpatrick b) -. .... .. ......

1: 60, 1800 out
The R±./Q value is about a factor of 50% larger in 2:174*, same AA ER 1 2

Table 2 than in Table 1. This is due to the change of _, ,o.__•

distances between the rods. With R.L/Q given by MAFIA,
and Q % 5000, then R 1 _ 375 Mfl/m. The required rf
power for a separation angle of 0.1 mrad at 4 GeV is then:

p = V = (4 GeV x 0.1 mrad/sin60*)' = - .. X
RJ1 - (375 MO/m) (0.60 m) - 1.0 kW

The maximum surface E-field listed in Table 2 is an over
estimation of the maximum E-field on the tip of the rods. Fig. 4 Phase of the S11 . a) RFin and RF0 ut loops in the
In our calculation, we considered the highest electric field same cell b) RF0 ,, in a different cell.
on two conducting spheres separated by the distance equal
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Two tuners are used in the structure, one in each cell. VI. CONCLUSION
Two tuners are required to tune the structure to the right A proof of principle experiment has been conducted
frequency and to ensure equal field amplitudes in both with successful results [2]. We have verified the high trans-
cells. The equality of the field amplitudes was studied by a verse shunt impedance properties of the cavity and we have
bead-pulling experiment and, also, by comparing the mag- also seen no degradation of the beam characteristics of the
nitude of S11 (reflected wave amplitude) for the zero and
v modes. We found equal field amplitudes, when the two delected ba We hav esab at thisewesi
reflected wave amplitudes were equal. In this situation, fr- -
quency separation between the two -nodes is the least. In VII. REFERENCES
addition to cold models, a full-size .. so-cell (one A) struc- [1] C. Leemann and G. Yao, "A Highly Effective Deflect-
ture was constructed to study the structure properties [3]. ing Structure," 1990 Linear Accelerator Conference,
Figure 5 shows the r and zero moAds. We are planning to Albuquerque, New Mexico.
perform full rf power t-its of this atructure soon. [2] R. Kazimi, et al., "Test of a new rf separator for CE-

M, 1._ "AA .s.. . t GO J .s 00.-"•5-GO BAF," 1992 Linear Accelerator Conference, pp. 244-
SI I 246.

MARKER I [3] A. Krycuk, et al., "Construction of the CEBAF rf
,., 490 @4545 MHZ separator," These proceedings.

M-G.4seSG vo S-@ w- oos0 " 0" aft

Fig. 5 r and zero modes for two-cell (one A) structure.
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Frequency- Domain Analysis of Resonant-Type
Ring Magnet Power Supplies

J. M. S. Kim K. W. Reiniger
Dept. of Elec. and Comp. Engg. TRIUMF

University of Victoria 4004 Wesbrook Mall
Victoria, B.C. CANADA Vancouver, B.C. CANADA

Abstract On the other hand, Reiniger[2] has reported his experi-
mental findings on the effects of resonant frequency drift onFor fast-cycling synchrotrons, resonant-type ring magnet the operating conditions of the ring magnet power supply.

power supplies are commonly used to provide a dc-biased With the variation of the resonant frequency, the operating

ac excitation for the ring magnets. Up to the present, this conditions of the power supply change quite dramatically

power supply system has been analyzed using simplified because of the high Q value of the resonant network.

analytical approximation, namely assuming the resonant This paper presents the frequency-domain analysis of

frequency of the ring magnet network is fixed and equal to

the accelerator frequency. This paper presents a frequency- resonant-type ring magnet power supplies, using frequency
spectrum of energy make-up currents and ac transfer char-

domain analysis technique for a more accurate analysis of acteristics of the resonant network. With this approach, ef-
resonant-type ring magnet power supplies. This approach fects of resonant frequency variation can be identified and
identifies that, with the variation of the resonant frequency,
the operating conditions of the power supply change quite a more accurate analysis of tale magnet power supply is

dramatically because of the high Q value of the resonant possible. Reiniger's experimental results are confirmed us-

network. The analytical results are verified, using both ex- ing analytical results and simulation results.

perimental results and simulation results. II. MODELLING OF RESONANT-TYPE MAGNET
POWER SUPPLY

1. INTRODUCTION The resonant-type magnet power supply is illustrated

in Fig. 1. The resonant network provides a sinusoidally-
For fast-cycling synchrotrons such as TRIUMF KAON varying magnet current, while the energy make-up network

Factory Booster Ring, resonant-type magnet power sup- maintains a constant ac excitation of the ring magnets by
plies are commonly used. The operating conditions of this injecting make-up energy into the resonant network via a
power supply configuration have been analyzed by Fox[l], pulse-forming network.
with simplifying assumptions. Assuming the resonant fre-e pulse-formingsnetwor- The fuindamental frequency of the pulse currents, w°, is
quency of the ring magnet network is fixed and equal to determined by the repetiton rate of the SCR firing and is
the accelerator frequency, all the voltage and current wave- set by the acceleration frequency. This frequency is also
forms can be described by a set of ideal analytical expres- the fundamental frequency of the magnet current, but is
sions. To the best of our knowledge, these operating con- not necessarily same as the resonant frequency, w., of the
ditions have never been related to the parameters of the resonant network.
resonant network and their variation, including the varia- The waveshape and the ringing frequency of the pulse
tion of the resonant frequency. currents are determined by circuit parameters of the pulse-

forming network, including the filter capacitor, G1 , and

Energy Make.up Network Resonant Network the pulse inductor, LP. Since the pulse currents are formed
Lf LP using the resonance of these circuit parameters and the

SCR is naturally commutated, the pulse waveform is well
" P •defined and its frequency components can be identified.

Vh _Lceh Lm Thus, the pulse-forming network can be modelled by a
cCesL C dependent current source between the input filter and the

"resonant network. The waveform and frequency spectrum
of the source current are determined by design parameters

Input Fate, Sta. Pulse.Form~nO Stage of the pulse-forming network, and its magnitude depends
on the desired level of magnet. current.

_Energy Storage Choke At steady state, operating conditions of the power sup-Eng Sply are determined by ac transfer characteristics of the
resonant network. The resonant, network amplifies the fun-
damental component of input, pulse currents and attenu-

Figure 1: Resonant-Type Magnet Power Supply ates harmonic components to produce a sinusoidal magnet
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Current Gain, irn/pi 3. The required fundamental component and the fre-
100 quency spectrum of pulse currents determine the peak

pulse current as well as its dc component.

10 4. To see the effect of resonant, frequency variation, re-
peat, the previous two steps for a set. of resonant fre-

1 _quencies.

The peak pulse current variation is shown in Fig. 3(a) as
a function of resonant frequency. As the resonant frequency

0.1 -drifts away from the accelerator frequency, the current gain
10 20 30 40 50 60 70 8090100 decreases and increased pulse currents are required for a

Frequency(1lz) constant ac excitation of ring magnets. Due to the high

value of Q factor, however, the change in the current gain
Phase Shift(in degree) can be quite dramatic as shown and as predicted in the ac

0 transfer chracteristics of Fig. 2.

The voltage requirement. of the energy make-up network
-90 can be obtained by considering that, during the pulse pe-

riod, the average voltage of the filter capacitor, must be

equal to tile average voltage of the resonant capacitor volt-

-180 _ - age, assuming no losses in the pulse forming network.

-270 (a) Peak Pulse Current and Ave. Input Voltage

10 20 30 40 50 60 70 8090100 1Fu y ). _ - - - "-

Frequency(Hiz) 0.9 >

Figure 2: Bode Plot of Current Gain, ira/ip 0.7 -

0.5

current. This ac transfer characteristics is a typical second- 0.4
order response with high Q factor. 0.3

Fig. 2 shows the Bode plot of the current transfer, irn/pi, 0.2 - - - -

where in, is the magnet current and the i. is the pulse 0.1 ___

current. As an example, circuit parameters of the dipole 0
magnet power supply for the KAON Factory Booster Syn- 49.649.6549.749.7549.849.8549.949.95 50 50.0550.1

"mA Resonant Frequency(Hz)
chrotron is used in the analysis and simulations. The pa- Peak Pulse Current, in PU of Peak Magnet Current ,
rameters are specified in the Accelerator Design Report.[3]. Ave. Input Voltage in PU of Peak Magnet Voltage -".--

As illustrated in Fig. 2, if the resonant frequency varies
due to secondary effects such as temperature, the gain and
phase shift change quite dramatically due to the high Q (b) Phase Shift(in degree), im/ip
factor of the resonant network, and the magnitude and 0
phase angle of the pulse currents must change significantly -:30 -

in order to maintain a constant ac excitation of the ring

magnets. -60 -

111. FREQUENCY-DOMAIN ANALYSIS -90 -

-120 --
To analyse a resonant-type ring magnet power supply in

frequency domain, the following steps are used; -150 - --

1. For a given design of the pulse-forming network, the -180
49.6 49.65 49.7 49.75 49.8 49.85 49.9 49.95 50 50.05 50.1pulse ringing frequency, wi,, and the frequency slec- Resotnant Frequency(llz)

trum of pulse currents are determined.

2. Then, the fundamental component, of the pulse current
is adjusted to generate a desired level of the magnet Figure 3: E.ffects oJf Resonant Frequency Variation

current., using the ac transfer characteristics of the
resonant network with a given resonant. frequency.
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However, the Bode plot of Fig. 2 indicates that the po-
sition of the pulse period in relation to the magnet, current (a) Peak Pulse Current Measurement(in A)

shifts as the resonant frequency changes. As w. approaches 250
Wa, the phase shift get closer to 900 and the pulse current 225 - E- leiI Reslt E_
coincides with the zero crossing of the magnet current and 200 Ana ytic I Re. ults ___

the peak of the magnet voltage. The average input volt- 175 -0,_

age to the pulse-forming network during the pulse period is 125
also shown in Fig. 3(b) as a function of resonant frequency. 100
The variation in the phase shift is shown in Fig. 3(b). 100 _

The results of frequency-domain analysis illustrated in 50 - - -

Fig. 3 identify that the current and voltage requirements 25 -0"-

of the pulse-forming network change significantly with the 0 - -

variation of the resonant frequency. Nonetheless, the vari- 0 100 200 300 400 500 600 700 800 900 1000
ation in current and voltage requirements does not. mean Magnwt Current(Ir ,,.)
the variation in the make-tip energy to be pumped into the
resonant network.

As long as the ac excitation of ring magnets is kept (b) Make-up Power Measurement(in kW)
at a constant magnitude, the ac loss in the resonant net- 30 -0- -

work remains nearly constant and so does the energy to be 27.52 - Eeri i wle . ' R -ut

pumped into the network via the pulse-forming network. 22.5 - Ainaz .iy tL. ,Ilt. - ,/-

With the variation of resonant frequency, the average input. 20 -/

voltage and current change in such a way that the input 17.5 -15-
power to the resonant network remains constant. This re- 12.5 >,- -

suit has been verified by the SPICE simulation of the power 10 ---

supply system[4]. 7.5
5

IV. EXPERIMENTAL RESULTS 2.5 - - -..... ,

0

The experimental results for the effects of resonant fre- 0 100 200 300 400 500 600 700 800 900 1000

quency variation have been reported in [2], using the dipole Magnet Current(Iri..)

test set-up for KAON Factory Booster Ring. The analyt-
ical results presented in this paper confirms the experi-
mental findings, as shown in Fig. 4. Fig. 4(a) illustrates Figure ,1: Experimental Results

the resonant-network gain predicted by the analysis agrees
with the experimental results.

In Fig. 4(b), the make-up power to the resonant network The degree of resonant frequency drift will be minimized by
is estimated using the frequency-domain analysis and com- switching trimming capacitors, but the frequency-domain
pared to the experimental results. Some discrepancy can analysis can be used to (luantify the maximum drift of res-
be identified at the high magnet current. This is due to the onant. frequency that. can be allowed.
loss in the energy make-up unit of the t.-perimental set-up.
In the analysis, the ideal energy make-up is assumed and VI. REFERENCES
no power loss is accounted for. I1. J. A. Fox, "Resonant Magnet Network and Power Sup-

V. CONCLUSIONS ply for the 4 Ge\' Electron Synchrotron NINA", Proc.
IEE, Vol. 112, No. 6, June 1965, pp 1107 - 1126

The frequency-domain analysis of resonant-type ring 2. K. W. Reiniger, "Power Supply System for the TRI-
magnet power supplies is introduced in this paper. It. is
shown that the analysis based on frequency spectrum of UMF KAON Factory". Conf. Record of 1991 IEEE
pulse currents and ac transfer characteristics of the res- Particle Accelerator Conference,
onant network provides more informations than the ap- 3. Accelerator Design Report, KAON Factory Study,
proximated analytical solutions. The analysis can not. only TRIUM F, 1990
determine the operating conditions for different design pa-
rameters of the pulse-forming network, but it can also re- 4. J. M. S. Kim, "SPICE Simulation of Resonant-
late them to parameters and conditions of the resonant Type Booster Ring Magnet Power Supply". TRIUMF
network. The analysis identifies significant effects of res- KAON Factory PDS D)esign Note TRI-DN-91-KI78
onant frequency variation on the current and voltage re-
quirements of the pulse-forming network, which have not
been possible with the approximated analytical solutions.
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The Workshop on Microwave-Absorbing Materials for Accelerators.*

Isidoro E. Campisi
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

Abstract sorbing materials for accelerators and similar systems has not
A workshop on the physics and applications of mi- been given a high priority.

crowave-absorbing materials in accelerators and related sys- The author's experience with the consequences of the in-
tems was held at CEBAF February 22-24, 1993. The gathering complete knowledge in this area turned into a special project
brought together about 150 scientists and representatives of of fast development of a new material, and into a determined
industries from all over the world. The main topics of discus- effort to prevent other researchers' future misuses of materials
sion were the properties of "absorbing" materials and how the in this context. The workshop on Microwave-Absorbing
stringent conditions in an accelerator environment restrict the Materials for Accelerators (MAMA) is an attempt to provide
choice of usable materials. better understanding of the problems related to these special

materials and to increase cooperation and communications
I. INTRODUCTION among scientists and engineers with widely different back-

grounds.
The use of materials for microwave absorption is a topics In this paper an attempt is made to give a general flavor of

of interest to various scientific communities. Among those in- the problems and subjects treated during the workshop. Due to
terested in special materials are accelerator builders, mi- the large number of contributions, this single paper cannot do
crowave tube experts, fusion device builders and materials justice to all the authors and participants, but should serve as a
scientists from various areas of technology, stimulus for those interested in pursuing the interest further

In the past, most of the design of accelerator components and in working with other experts on the subject. The author
that dealt with microwave absorption relied on known and apologizes for the necessary inadequacy of the report.
tested materials first used in other areas of technology and
which were not specifically developed for accelerator applica- II. GENERAL PROPERTIES OF ABSORBERS
tions. Microwave losses in a number of traditional materials
(silicon carbide or ferrites, for instance) have been utilized in Among the particle accelerators that are being planned or

accelerator-related systems without a thorough analysis of the designed and which require specialized absorbers, the most
physics of loss processes and without simultaneously consid- important are electron (or positron) accelerators, because of

ering other essential properties of the lossy materials, such as the critical importance of controlling beam instabilities due to
structural properties, thermal conductivity, radiation resis- higher-order-mode power generation.
tance, temperature dependence of the microwave absorption, The presence of absorbers is necessary because the charge
vacuum compatibility, broad frequency bandwidth as well as bunches traveling along the non-uniform cross section of the
manufacturing and reproducibility issues. accelerating microwave cavities interact with the metal struc-

The incomplete analysis of the field of microwave ab- tures, depositing a fraction of the energy into cavity modes
sorbers could lead to difficulties in the construction and opera- Other than the fundamental (usually the TM0 10 mode). In most
tion of future machines, because many new accelerator pro- cases, these higher-order modes (HOMs) are damped by the
jects are being designed and built with key performance pa- ohmic losses at the cavity surfaces, but when either normal
rameters strictly dependent on the availability of good mi- conducting cavities have small dimensions or the cavities are
crowave absorbers (for instance, higher-order-mode control in superconducting (thus, with very long decay times of the en-
various types of accelerators, such as linear colliders and high- ergy stored in HOMs) the modes can feed back onto the beam
current circular machines). Thus it seemed that a useful activ- and affect its trajectory, leading to uncontrolled beam instabil-
ity would be a workshop which would gather experts from ities [11, especially in extreme cases of high currents or par-
various fields of science and technology who could interact ticularly sensitive system geometries.
with each other and address issues in materials science and These instabilities must be avoided by extracting the
new technologies related to materials for microwave power HOM power and disposing of it in a suitable way. In some
control which can have a great impact on the construction of cases this power is extracted to room temperature before being
new machines. dissipated. It is, however, desirable to convert the power into

In accelerator laboratories, the dissipation of microwaves heat before crossing physical boundaries. Transporting mi-
is often considered a necessary evil (for example, in lowering crowaves across transitions makes the absorption less control-
the overall efficiency of high-power microwave systems and lable and the engineering of the absorbers much more prob-
dissipating as heat the precious high peak power of pulsed lematic.
klystrons), and it has not received adequate attention because A general approach to the problem of absorbing mi-
of its negative connotation. Low losses, high accelerating crowaves in accelerator systems can be visualized in figures 1
fields and high efficiencies are of primary importance in ac- and 2. Figure 1 shows how feedthroughs carrying RF across
celerator physics, and the development of new microwave-ab- vacuum boundaries make the design difficult and the opera-

tion of accelerators hazardous (brazed joints that must deal
simultaneously with high RF power, broad bandwidth, vac-

* Supported by US DOE Contract # DE-AC05-84ER40150 uum and/or coolant interfaces).
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Accelerator Brazing int photon-phonon scattering mediated by polarization effects in
vacuum crystals, or by ionic transport within crystals or at the grain
"4- boundaries of crystallites, or by materials with semiconducting

Cooling properties, yields temperature-dependent losses, one loss
mechanism which has a weak temperature dependence is the

E.M. Wohmic effect at radio frequencies in metals, where the electron

feedthrough population in the conduction band is never zero and the

Window Brazing Absorber anomalous skin effect prevents major loss variations at low
joint temperatures.

Other loss mechanisms can be ascribed to magnetic field
Figure 1 The geometry of extraction of microwave power effects, such as magnetization losses in ferrites [7], which
from accelerators stems from unreliable absorbing materials however are affected by the external bias fields. The materials
used in the past, which require isolation from the accelerator can have remnant magnetic field and the losses are nonlinear.
vacuum and feedthroughs to carry the RF across boundaries. The linearity of the ohmic losses in the conducting grains of

an artificial dielectric lead to materials which are insensitive toGenerally, new load designs might be possible, and comn ag xenlmgei ilsadcntlrt ag mut

pact absorbers could be made to work under vacuum or con- large external magnetic fields, and can tolerate large amounts

trolled atmosphere and without water cooling systems which of dissipated power. Ferrites cannot be easily operated at high

make the system narrow banded, complicated by the cooling power levels, due to the poor thermal conductivity (typically

system. Although these loads have been in the past used ex- few W/[m • K]), the large dissipation per unit volume and the

tensively and with a good track record [2], they are potentially fact that they could heat up above the Curie point and give

prone to vacuum accidents. Compact loads of high thermal varying absorption properties. Ferrites have been used suc-

conductivity materials with dielectric properties independent cessfully in many microwave absorption applications and a

of temperature could in principle run without cooling (dry large amount of work exists on the subject, which makes their

loads) and only with minor protection against themn:al run- use very reliable. Recent work in various accelerator laborato-
ries has advanced the understanding of such materials foraway up to several hundred degrees centigrade [3]. these applications [8].

BRAZE JOINT CERAMIC-METAL
(SUPPORT AND THERMAL CONTACT ONLY) IV. RAW MATERIALS, CERAMICS AND MANU-

E.M. WAVE •HEAT FACTURING PROCESSES

Accelerator ECAGCeramic materials are among the best suited for an accel-
vacuum /erator's vacuum systems. Several of their properties are very

well understood and under control [9], but in most cases ce-
PHOTON-PHONON ramics have not been used in the past for their electrical prop-
TRANSDUCER erties. A notable exception is silicon carbide in various forms,

BRAZE JOINT BETWEEN the properties of which were reviewed extensively at the
METALS FOR VACUUM workshop [10]. The manufacturing problems of artificial di-

Figure 2 A better geometry for absorption involves the use of electrics were addressed by Mikijelj [II], with particular em-
vacuum-compatible lossy materials placed inside the accelera- phasis on the properties of various mixtures which can give
tor vacuum. reproducible results.

The standard and advanced processes involved in the sin-
Similar problems of high-power loads compatible with ul- tering of ceramics were discussed by Spriggs [ 12], and Guiton

trahigh vacuum and having to work under varying high-power [131 presented data on the remarkable improvement in thermal
loading conditions are experienced in Tokamak fusion de- conductivity of ceramics (AIN in particular) when processed
vices, in which the plasma is heated by microwave power and in various ways. Special powder manufacturing results by
termination must be placed inside the toroidal structure [4]. plasma spray were discussed [14] with the possibility of con-
Due to the varying load as the plasma heats up, materials with trolling the purity and grain size of several metals, ceramics
temperature independent absorption and with very high ther- and alloys. Properties of carbon powders were presented by
mal conductivity would be desirable for this application. One Pierson [15], as carbon in its many forms may present itself as
special requirement for these materials is the resistance to ra- one of the best materials for microwave absorption in specific
diation, a property which is also of great importance in any and very constraining applications such as in accelerators.
accelerator installation [5]. One important issue in the design and construction of ab-

sorbers for special applications such as accelerators is the
III. MICROWAVE-ABSORBING MATERIALS AND problem of making consistent and reliable brazing between

THEIR PHYSICAL PROPERTIES the absorbers and the surrounding metals of the vacuum

Because a thorough understanding of the phenomena in- chamber. Extensive work is needed in this area, and Greenhut
volved in microwave absorption is important in choosing the covered many of the issues [16]. The necessity of vacuum
proper material for a specific application, several talks were compatibility of these materials was outlined by Dylla [171,
given at the MAMA workshop on the physics of absorption. with arguments which favor ceramic materials over other
Newnham, Jacobs, Rodrigue, Booske, Galstjan and Katz [6] types of absorbers. The special ceramic compounds used for
described several loss phenomena. In general, losses can be ferrite absorption and the manufacturing methods associated
thought of as photon-phonon scattering processes. Whereas with them were described by Blankenship [18].
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One of the most complicated and unresolved issues in the Manos for invaluable contributions to the MAMA Workshop;
manufacturing of lossy materials is the reproducibility of re- and Roger Lewis of DoE, for the enlightening talk on tech-
suits and of material properties. A variety of materials parame- nology transfer during the Workshop's banquet.
ters and their interconnections play a role in the production of
materials for microwave absorption [191. Whereas most manu- REFERENCES
facturers produce ceramics for their structural properties,
nowadays electrical and thermal properties are becoming im- All references below (unless otherwise indicated) are included
portant and the producers of powders and finished products in the Proceedings of the First Workshop on Microwave-
are not fully aware of the need of some consumers. This Absorbing Materials for Accelerators (MAMAs), (I. E.
workshop provided an opportunity for users and manufactur- Campisi and L. R. Doolittle, Eds.) CEBAF, Newport News,
ers to get together and let each other know their needs and ca- Virginia, February 22-24, 1993. (In print.)
pabilities. The work of Ho 120] is of great importance to the [l]J. J. Bisognano "The need for MAMAs in accelerators and
whole community because it shows how materials with nomi- tube technology"; R. Rimmer "Extraction and absorption of
nally the same composition can have vastly different proper- higher-order modes in room temperature accelerators"; H.
ties from the electrical point of view. This problem must be Padamsee "HOM control in superconducting cavities"; J.
traced and controlled all the way from the powder fabrication Calame "Applications of microwave absorbing materials in
processes and producers to those who make final use of these microwave tubes".
materials so that a concerted improvement can be achieved. [21L. Nielsen "Engineering issues in microwave loads design".
An important aspect of this process of improvement is given [311. E. Campisi, et al."CEBAF HOM loads".
by the accuracy and precision of the measurement of electrical [4]H. K. Park "Design criteria and materials for ultra-high
properties of these materials. Weil [21] and Hutcheon [22] ad- broad band microwave absorbers for scattering experiments in
dressed some of these issues. The design of complete ab- tokamak plasmas".
sorbers will benefit in the future by the existence of computer [5]D. G. Howitt "Radiation-induced transformations in mate-
codes that can both simulate special materials and at the same rials in electron accelerator environments".
time include lossy dielectrics in the computations [231. These [61R. E. Newnham "Fundamental interaction mechanisms
tools will eventually provide great flexibility in the use and between microwaves and matter"; I. S. Jacobs "Metal-dielec-
design of absorbers in accelerators. tric composites (artificial dielectrics)"; J. H. Booske "Effects

of high-power microwave fields on ionic transport in ceram-
V. CONCLUSIONS ics and ionic crystalline solids"; E. A. Galstjan "The effective

electrodynamic parameters of a medium impregnated by two-
In several laboratories around the world materials have layer spherules"; J. D. Katz "Microwave processing of ceram-

been used for damping of higher-order modes in accelerators ics".
or for absorption of microwaves in general. Often the lack of [71G. P. Rodrigue "Theory of electromagnetic properties of
availability of materials for absorption within the accelerator ferrites".
or microwave tube vacuum has limited the performance of the [81W. H. Hartung "Measurements of the microwave properties
systems designed around them. The availability of increas- of some absorbing materials".
ingly better ferrites and artificial dielectric materials will cer- [9]S. A. Wise "Ceramics: structural, thermal, and vacuum
tainly provide new ideas and solutions to accelerators builders properties".
who will benefit from the existence of improved microwave [101R. F. Davis "Polytypism, process routes, and microstruc-
absorbers e tures and the effect of these parameters on the electrical

A very close collaboration between those who build accel- properties of silicon carbide"; G. Fischman "Thermo-mechan-
erators and materials scientists in national laboratories, indus- ical properties of silicon carbide".
tries and academic environments all over the world is not only [I1]B. Mikijelj and I. E. Campisi "Development of an
desirable but necessary. The development of tight manufactur- artificial dielectric ceramic for use at CEBAF'.
ing and measurement techniques and of procedures must be [121R. M. Spriggs "Ceramic sintering".
achieved in this area in order to obtain a wider and more reli- [13]T. A. Guiton "Improving the thermal conductivity of ce-
able use of these special materials. ramics".

Due to the diverse requirements that such materials must [14]R. Cheney "Plasma manufacturing of fine metal and ce-
satisfy, all the problems related to them must be addressed si- ramic powders".
multaneously. The use of materials which only satisfy the [151H. 0. Pierson "Carbon powders: properties, processing
electrical requirements cannot lead to more complicated appli- and applications".
cation problems. The approach of finding ideal materials for [161V. A. Greenhut "Fundamentals, techniques and recent de-
each application requires close collaboration among scientists velopments in ceramic-metal joining and metallization".
with varied and diverse knowledge and skills. The MAMA [17]H. F. Dylla "Vacuum properties of materials".
workshop has attained this goal and will provide again in the [18]A. C. Blankenship "Commercial ferrite manufacturing".
future an arena for these diverse disciplines. [191I. E. Campisi, Proc. Am. Cer. Soc. Meet., 1993 (in print).

[20]W. W. Ho, M.R.S. Symp. vol, 124, 137-148 (1988).
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ANALYSIS AND APPLICATIONS OF QUADRATURE HYBRIDS AS
RF CIRCULATORS*

S.M. Hanna and J. Keane
National Synchrotron Light Source

Brookhaven National Laboratory
Upton, NY 11973

Abstract
The operation of a quadrature hybrid as a power combiner

is analyzed. The analytical results are compared with data T,.aI,,tt., A

measured experimentally using a 211 MHz cavity. Graphical
solutions of the measured cases are in good agreement with V;
analytical predictions. The use of the 90°-hybrid as an RF
circulator is also analyzed. The active operation of the
harmonic cavity in the NSLS VUV-ring is used to demonstrate V;
this application. This fourth-harmonic cavity is used to
change the shape of the bucket potential to lengthen a stored
bunch. Thus, a longer stored-beam lifetime can be achieved waft$(

without compromising the high brightness of the VUV photon C n,
beam. If operated actively, the harmonic cavity would present
a mismatched load to an RF generator. Thus, a need exists
for a circulator. Similarities in operation between the 90°- t,..e., i
hybrid and a circulator are discussed.

I. ANALYTICAL MODEL FOR THE
HYBRID AS A POWER COMBINER Figure 1. Configuration for the case analyzed.

The quadrature hybrid [1, is a four-port network with 90 d
phase shift between two of the ports and no phase shift .Aload(ZL= Zofthehybrid)isconnectedatport4.
between the other two ports. Refering to Fig. 1, one can Approach:
write its S-matrix as: Here we use the linearity of the system and apply the

superposition principle. T, is activated while T, is OFF(case
-; I 40y1 1) . Then, Ts is activated while TA is OFF (case 2), as
oýI1 jIV; 1 follows-

"" 0 0 IV;" Case I : Since the active port in this case is port 1, one needs
; -j 1 01 V; to solve first for the ratio VI'V1N as seen by the transmitter

TA, when Te is OFF. This is done by using Eq. 1 to solve
for V,4 ,as follows:

In this section we summerize the results of our analysis
for a 90*-hybrid [2]. As shown in Fig. 1, the hybrid analysed 'V1 0 1 -J 0 *'V
is used to combine the power from two transmitters feeding Vi I too- r,~ (2)
ports I and 4. A cavity is being connected to port 2, and a ; j 0 -J1 0o
waster load is connected at port 3. V;0 -j 1 0

Assumptions:
a. The cavity represents an impedance mismatch of I'r.
b. The transmitters TA and Ts have the same impedane Solving for V,oe can get,

mismatch represented as rr (ir 3
c. The two transmitters are providing two identical voltages V• =- Vs/O

except for a 90° phase shift,

V, v, or ; V, - V, L 9O"

Now, we can solve for the reflected voltages. This is done

*Work performed under the auspices of the U.S. Dpartment by solving Eq. (4).

of Energy, under contract DE-AC02-76CH00016.
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I1. ANALYSIS OF MEASURED DATA

( 0 1 -j[ i 2 1-12 ) VLO (4) To verify the above analytical results, measurements were
2 1 10I 0 r, V2 carried out using the configuration shown in Fig. 1. The

V vFO -j 1 0 0 forward and reflected powers were measured using directionalV 0 -j I couplers connected to a power meter. The measurement was
V4. done using a 211 MHz cavity. The power was measured at

three different cavity phase settings (00, -45', and 45*).
giving, The results of the measurements are shown in Table 1 where
Reflected voltages Incident voltage the voltages are in volts.

Table I

2 2 Z2 V Cav. V1+ V1 V2  V2 V V÷ V4
Phase

0 524 63 765 100 18.7 548 55

-- V V2 r pVzo (5) (0-) (60-) 91 ,-5

-45° 990 530 1142 830 774 900 485
(-20") (-150-) (10r) 1 ts05

=J (I+ l',) 45- 1166 485 1116 791 656 354 524
V3 -• rdIr Z0 V (20") (-5"-) (40') 0301)'

To fully determine the reflection coefficients of the cavity

(rd) and the transmitters (r.); we use a combination of
K = (-j2E ) V1I O =-j -z (L! V LO analytical computation and graphical solutions where we use

2 2 2 -2 2phasor diagrams and loci for different phasors. To illustrate
that we will consider the phasor diagram in Fig. 2 which

Case 2: Following the same steps as in Case 1, we solve for represents a sample case (cavity at 45*).
V4 , giving

V_ (2-rar.) (U-r) VIZ90

Locus of ivlIl--A' \

Similar to Case 1, we can solve for the incident and reflected
voltages at the four ports for this case.

Total Incident and Reflected Voltage: VI

By applying the superposition principle, we can get the
total voltages at the four ports when both transmitters are ON
[21. The resulting voltages are: 4 .\ -Locus for

Tra•,agmtterk, ; =, (6) __- r, V,_i_ _

Cadi: vt = ; = r = V.V vr2 F (6)

oanmitter B:V3 = = j(l-V, r)v , Figure 2. Phasor diagram for graphical solution

If we consider the phasor Vi as the reference, we can find
where og (phase angle for r,) and 0, (phase angle for re) as shown

in Fig 2. Using the data in Table 1, the graphical solution
V, = ( -*v 0 gives2

r, = 0.7 1-55- and ', = 0.83 /98"

Data measured were generally consistant with predictions from
the analytical model represented in Eq. (6), except for a
systematic phase difference of 100.
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III. THE 90 0-HYBRID AS A CIRCULATOR (P - 12 i~z(9)
FOR THE VUV RING HARMONIC CAVITY P -= P, 0W 2

A fourth-harmonic cavity is being used in the VUV-
storage ring at the NSLS to change the shape of the bucket Transmitter A
potential. The harmonic cavity would present a mismatched
load to a generator if operated actively. The need exists for P [ ) + r, (p - 1)12 (p
a circulator to steer any power reflected from the harmonic = - 4A -
cavity to a waster load. In this section, we demonstrate the use
of the 90*-hybrid as circulator. We use the parameters for the Transmitter B
harmonic cavity given below as a numerical example [31,.

Main Cavity Harmonic Cavity P , [(P 1) - r1 (1 - 1)]2 - (1 -

VMC = 80 KV VHc = 20 KV 4P3
I*, = 79* 0H = -92.8*
(Rsh = 1 MQ) (Rsh = 300 kO) Combined Generator Power

To achieve this goal, we will analyze one of three The combined power from transmitter A and transmitter B is
approaches that we considered [41 for the active operation of
the VUV harmonic cavity. In the tuner-compensation P = PA + = P (-12

approach, the cavity is phased such that the beam current is in £ V4

quadrature with the cavity gap-voltage. The tuner is operated
to compensate for the beam-induced reactive power. The From the above equations the power balance gives,
generator current is in-phase with the gap voltage. Lowest
generator power requires matched coupling loop to the cavity. P, , - - (11)
Since other practical considerations may require deviations
from this ideal case; we have analyzed a general case where From this analysis it can be shown that, under certain
coupling can be made different from matched. Referring to conditions (for example the case where the generators can be
Fig 3, we can define the coupling coefficient as considered as ideal current sources ,rg = 1), the hybrid's

operation is identical to that of a ferrite circulator [4].

n2(50) IV. CONCLUSION

In this report we have analyzed in detail the performance

V2' of a 90°-hybrid. The analysis is based on 4-port scatteringj [j jj jmatrices. Analytical results were compared with experimental
--- • I, d 2RahX I measurements. Graphical solutions based on the measured

(Part 2) data gave good agreement with our analytical results. The use
Boom ,_of the 90°-hybrid as a circulator was demonstrated using the

CoupII ,, CekvI ty harmonic cavity in the NSLS VUV-ring as an example.
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FLOWER-PETAL MODE CONVERTER FOR NLC*
H. A. Hoag, S. G. Tantawi, R. Callin, H. Deruyter, Z. D. Farkas, K. Ko,

N. Kroll, T. L. Lavine, A. Menegat, and A. E. Vlieks
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94305

Abstract Low-power measurements have been made to optimize the
It is important to minimize power loss in the waveguide bifurcation transformer and the dimensions of the flower-petal

system connecting klystron, pulse-compressor, and accelerator slots, and to quantify the power in unwanted modes generated
in an X-Band NLC. However, existing designs of klystron out- in the circular waveguide.
put cavity circuits and accelerator input couplers utilize rectan- Several models of the finished transducer have been made
gular waveguide which has relatively high transmission loss. It for high-power and high-vacuum operation. Two have been
is therefore necessary to convert to and from the low-loss mode tested back-to-back in an X-Band resonant ring up to a power
in circular waveguide at each end of the system. A description level of 150 MW.
is given of development work on high-power, high-vacuum II. PRINCIPLE OF OPERATION
'flower-petal' transducers, which convert the TE10 mode in
rectangular guide to the TEO, mode in circular guide. A three-
port modification of the flower petal device, which can be used vide some insight into why the design works as well as it does.

as either a power combiner at the klystron or a power divider at Referring to Figure 1, it can be seen that the symmetry (both in
the accelerator is also described. terms of the structure and the excitation) is such that it is suffi-cient to consider only the positive y side of the x-z plane and

I. INTRODUCTION modes consistent with a metal boundary condition being
Various types of transducers have been developed for con- imposed there. This implies that, at most, five of the ten propa-

verting the TE10 mode in rectangular waveguide to the low- gating modes in the circular guide can be excited. These are
loss TEi0 mode in circular waveguide. Many employ adiabatic TE0 1, TEn, TM I, TE21 and TE31. The TEO, and TE21 modes
tapering from the cross-section of one wavguide to the other, as satisfy a symmetry relation with respect to radial planes at 450
exemplified by the design originally proposed by Mari6 [1]. to the axes, corresponding to a metal boundary for the TEO,
These designs require elaborate machining or elertroforming, and a magnetic boundary for the TE21. If an individual petal
and the finished transducers are quite long, ,I~h leads to sig- slot is approximated to the form of a thick elliptical iris, then
nificant insertion loss, and possibly trappei weak resonances by using formulas appropriate to that geometry, it is found that
due to mismatches. They are most suited to communications the ratio of the induced magnetic dipole moments associated
systems, where broad bandwidth is ,quired. with the two symmetries is approximately 0.012 in the sense

The rf systems used to drive linear accelerators can be rel- which discriminates against the TE21 mode. Since the ratio of
atively narrow-band. In these applications the so-called the powers in the two modes is the square of this quantity, there
'flower-petal' transducer [2] can be used. It is compact and, as is a strong discrimination against driving the TE2 1 mode,
will be seen, can be designed to have low loss and high mode which improves with increasing iris thickness.
purity. The essential features of the transducer are shown in
Figure 1. The input rectangular waveguide is bifurcated
through matched transformer steps into two rectangular guidesBFUCATON y PLING SLOT

having the same cross-section as the input guide. The two
guides are coupled to a circular waveguide by an arrangement X
of four slots (the flower-petal) in their side walls. After the cou-
pling slots, the two rectangular guides are terminated in short
circuits. Although the transducer is required to couple into RECTANGULAR
1.75-inch circular guide, the diameter of the section of guide INPUT CIRCULARII•WAVEGUIDE

coupled directly to the slots is 1.6 inches. The reason for this is -UPU
to guarantee that the TE4 1 mode generated by the slots is suffi- NOT
ciently evanescent over the intended bandwidth. A non-linear _ (

taper is provided to match this section to the required 1.75-inch -
circular guide.

In recent years, 3-D computer modeling has proved to be Figure 1. Schematic diagram of the mode transducer.
hoth feasible and practical for the design and analysis of com-
plex microwave structures. In the case of the flowcr-petal It is a good approximation to assume that the shorting
transducer, the 3-D electromagnetic codes HFSS and MAFIA plane in the rectangular section is one half a guide wavelength
have been used successfully to simulate its behavior, from the origin, and that this has the effect of requiring the

*Work supported by Department of Energy contract DE- fields in the circular guide to satisfy a metal boundary condi-

AC03-76SF00515. tion on the y-z plane. To the extent that this is the case,
WAlso at UCSD and supported by DE-FG03-92ER40759. the TE1 , TMn1 and TE3 1 modes are not excited. The failure of
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Figure 2. Schematic diagram of mode analyzer. a 11.124 11.224 11.324 11.424 11.524 11.624 11.724

Frequency (Gliz)

this condition to hold exactly is likely to manifest itself as an
inequality in the excitation of the slots nearest the shorts, as Figure 3. Mode analyzer measurements of fractional
compared to the other pair, with perhaps also a small departure power in unwanted TE mode propagating in 1.5-inch
from the precise phase equality which the assumed symmetry circular guide
would imply. A similar situation has been considered in con-
nection with the four-spoke mode transducer [3], and the for- -____

mulas derived there are likely to hold approximately here. Let Uý 0.07-
S0 .0 6 -. ............... .............]]]id represent the fractional amplitude deficiency of the more .

-5 - - TE21 ---- 141

weakly excited pair, and * the phase difference. Then, accord- b o.05 . . .

ing to [3], the fractional power lost to non-TE0O modes is o

[d2  4(1 -d).(sin /2)2] [4(l - d + 0.5d ,3- ............................ 4 ...............5 .............. (........... .
from which one can estimate the deviations which will produce ..... .....- .......

significant power loss to unwanted modes. The details of the t o
slot design, apart from discrimination against the TE21 mode,
determine what fraction of the incident power will be reflected. o

11.124 11.224 11.324 11A424 11.;24 11.624 11.724
The slot width which minimized the reflection was determined Frequency (.Hz)
experimentally and, as is described later, a tuning post was
added to obtain the best match. Figure 4. TE mode contamination with taper.

III. EXPERIMENTAL DEVELOPMENT From these data, azimuthal space harmonics of Hz can be
calculated and, in turn, the power contained in a TE modeNumerical modeling of the flower-petal transducer has wihhsmaiuhlrpascnb eue 4.Temd

been described in [4]. Here we discuss the experimental devel-The mode

opment. The all-important measurements of mode purity in the analyzer is insensitive to TM modes. Figure 3 shows the resultsopmnt.Theallimprtnt easremntsofmod puityin heobtained with the mode analyzer in 1.5-inch guide, while
circular guide were made with a rotating Hz probe coupled to a Figure 4 shows the results after the taper to 1.75 inches. The

network analyzer and a computer, as shown schematically in rise in sTh power above 11.424 GHz is probably spurious.

Figure 2. The circular waveguide output of the transducer is 1 he in analyo er cabo t disting5is probabl spurious.

coupled to another circular guide section of the same diameter The mode analyzer cannot distinguish between TE11 and TE12,
w and a comparison of Figures 3 and 4 suggests that the striking

which is free to rotate about the common z-axis. This rotating difference is associated with the passage of TE12 through cut-
section is connected in turn to a nonlinearly tapered horn which off. If one assumes that the excess excitation is TE12, the actual
acts as a well-matched load for many modes. A small circular- power loss associated with it is reduced by a factor X.g1/kgt2.
hole in the wall of the rotating section couples to a rectangular As mentioned earlier, it is necessary to add an inductive
waveguide with its large dimension parallel to the axis of ihe post in the input rectangular waveguide, close to the beginning
circular guide. The coupling is small enough to avoid signifi- of the bifurcation section, in order to obtain a well-matched
cant perturbation of the fields in the circular guide, and large input. The resultant input VSWR is shown in Figure 5.
enough to provide signals within the dynamic range of the net- In order to measure the conversion efficiency from the
work analyzer. About -45 dB is optimum. Mode conversion rectangular guide to the desired circular guide mode, two
due to the hole is negligible for most modes. The Hz is sam- flower-petal transducers were joined at the circular flanges and
pled at sixteen equi-spaced points around the periphery. At S-parameter measurements were made between the rectangular
each point the phase and magnitude of the complex transmis- waveguide flanges. After correcting for flange losses at the
sion coefficient as a function of frequency over a selected band, rectangular junctions, the observed transmission loss was
between the input of the transducer and the output of the sam- 1.0±0.7%, and the reflection loss was 0.25%. Variations in
pling guide, is dumped from the network analyzer via a GPIB these measurements as the transducers were rotated with
link onto a PC disk. respect to each other at the circular flange junction were below
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Figure 5. Transducer input VSWR

Figure 7. High power performance of transducer.

Figure 8. Transducer/combiner/divider.
joined by a bifurcation section, but are taken to two separate

Figure 6. Completed flower-petal transducer ports symmetrically placed on each side of the flower-petal has
been built, and is shown in Figure 8. It is expected that this

the level of measurement sensitivity, thus providing additional device will be used in the NLC Test Accelerator, both as a
evidence that conversion to azimuthally varying modes is power combiner and as a power divider. Preliminary tests will
small, and our only evidence that conversion to the TM1 1 m-de begin shortly.
is small. We take these results to indicate that the loss attribut- VI. REFERENCES
able to a single transducer is less than 0.7%.

IV. HIGH POWER TESTING [I] S. S. Saad et al., "Analysis and design of a circular TEO,
mode transducer," Microwaves, Optics and Acoustics,

A completed flower-petal transducer, suitable for high- Vol. 1, No. 2, January 1977.
power operation under high-vacuum is shown in Figure 6. Two
of these units have been operated back-to-back in an X-Band [2] Formerly manufactured for several high- frequency bands
resonant ring up to 150 MW, with a pulse width of 800 ns. The by Alpha Industries Inc. This device was brought to our
pulse waveforms for the klystron and the resonant ring are y
shown in Figure 7. The power level reached was limited by the [3] N. Kroll and K. Ko, "The Four-Spoke Mode Transducer/
klystron and its window, and not by the transducers usder test. Power Combiner," in preparation.

V. TRANSDUCER/COMBINER/DIVIDER [4] S.Tantawi, K. Ko and N. Kroll, "Numerical Design and
Analysis of a Compact TEi0 to TEO, Mode Transducer,"

A three-port version of the transducer, in which the flower- Computational Accelerator Physics Conf., Pleasanton,
petal couples to two rectangular waveguides which are not CA, February 1993.
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Development of an S-band RF Window for Linear Colliders

A. Miura and H. Matsumoto*
The Graduate University for Advanced Studies

1-1 Oho, Tsukuba, Ibaraki 305, Japan
*KEK, National Laboratory for High Energy Physics
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Abstract have experimentally examined time profiles of breakdown
We report on our research and development of an S- phenomena.

band (2856 MHz) alumina RF window for a high power
transmission which exceeds 100 MW. We have studied the II. PREPARATION OF HIGH PURITY, LOW-
mechanism of RF breakdowns of alumina disks POROSITY ALUMINA WINDOWS
experimentally with a test facility based on a resonant ring.
At a higher power transmission (>50MW), impurities within Typical disks for RF windows have been made of 99.5
alumina due to sinterin, binder materials and internal voids % purity alumina. The sintering binders, such as MgO,
were shown to be mostly responsible. An experiment at a account for a major part of impurities. It has recently
resonant ring has shown that the new RF window by using become possible to manufacture fine alumina particles with
high-purity (99.9%) and low porosity (0.5%) alumina disks diameters of less than 0.5 grm. This and concerning the
can successfully withstand a maximum peak transmission- progress of a sintering technique allow us to make alumina
power of 310 MW with a pulse width 2.5 gts at 10 Hz disks with an ultra-high purity of 99.9%. In addition, it has
repetition rate, and a maximum average transmission- been learned recently that the RF loss due to the binders
power of 300 MW with pulse width 2.5 I•s at 50 Hz. depends strongly on the choice of binder materials [6]. For

example, it is very sensitive to the presence of MgO. We
I. INTRODUCTION have fabricated alumina disks with a varying purity with

and without MgO, and have measured their RF loss. If the
At the KEK Accelerator Test Facility (ATF) for the Japan alumina disk does not contain MgO at all, a very low

Linear Collider (JLC), an S-band linac with the energy of dielectric loss (tan 8 = 2.0 x 10-5, f = 1000 MHz) is achieved.
1.54 GeV will be used as an injector for a damping ring. Each By using high-purity ultra fine alumina powder as the
accelerating unit consists of two 3 m long accelerating raw material and using a sintering process without MgO as
structures with accelerating gradient of 22 MV/m, an 85 the binder, high purity and low RF loss alumina disks can be
MW klystron (TOSHIBA) with a SLED, and a klystron fabricated. Then by treating them with a HIP method,
modulator. An RF window with a power capability up to 100 remaining voids are further removed to porosity of 0.5 %
MW must be used between the klystron and SLED cavities level. We have fabricated several of these new alumina disks
for an ease of klystron maintenance work. However, for our RF power testing.
window failures often occur in the power range of a few
tens of MW. An improved reliability of RF windows is III. HIGH POWER TESTS
highly desirable [1].

Until now many studies of window failure were We have conducted high power tests of alumina disks
mainly made on local heat build-up due to multipactoring as RF windows with a varying fraction of sintering binders
[2], and a variety of surface coating materials, such as TiN, with a resonant ring. In order to study the high 'ower
were tested as a cure [3]. More recently it was calculated that behaviors and properties of high purity alumina material
multipactor phenomena occurred when the RF power itself, in our test several noteworthy points are 1) we have
transmission is below 50 MW at the S-band frequency [4]. significantly reduced the alumina porosity with the HIP
We have come to suspect that in the power regime of up to treatment. 2) None of the alumina samples has TiN coating.
50MW high power breakdowns of alumina disks may be
due to phenomena taking place inside alumina rather than at A Alumina Samples
its surface. We considered that the root cause of the problemcould be voids within alumina or structural defects due to We have tested six alumina disks. Table 3 summarizes

coud b vods ithn aumia o stuctraldefctsduetotheir parameters. The samples #1 and #2 are based on 99.5
binder materials used during the sintering process. In order their pram e Th e sample #1 aa d o 99.5
to reduce the porosity (volume fractions of voids) in alumina impurity ga e ami le sp #ad norvisible
we have applied a Hot Isostatic Pressing (HIP) treatment [5]. imperfections, the sample #2 had a concentration ofThis allows an unambiguous study of effects of binding impurities which looked like a dark cloud. The sample #3, #4,
mTerisalsosed duringatheguontesngdprocess.eWethavestudie #5 and #6 are made of 99.9 % alumina. Especially the samplem aterials used during the sintering process. W e have studied # o sn tc n a n a y M O b n e .T et s i h s m lbehaviors of alumina disks with a varying amount of #4 does not contain any MgO binder. The test with sample
bindeiors in an uminenvironme with te vreongamunt r. W #5 is made to study the reproducibility of the result withbinders in an RF environment with the resonant ring. We
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sample #3. The sample #6 was made intended 10 pin-holes 1! 0111)F
whose diameter is 0.5mm in order to investigate behavior of ,
multipactoring around the pin holes.

Table 1 parameters of tested alumina disks 9 ' 0

E E E 3.5mm
#1 #2 #3 #4 #5 #6

Purity , 99.5 99.5 99.9 99.9 99.9 99.9
Impurity no yes no no no no
concentrated no 

23 n
23 mm

MgO (Binder) yes yes no yes yes
Intended pin no no no no no yes Figure 2. A schematic diagram of the rf window

hole C. Experimental Results and Discussions

All alumina disks performed HIP treatment and no coating Figure 3 summarizes the results of the experiment,

B. Experimental Apparatus showing the observed temperature rise at the window frame
as function of the average power for each sample.

The diagram of the resonant ring is shown in Figure 1. Sample #1: During the first 10 Hz operation, a localized
The vacuum pressure monitored with cold cathode gauges light emission from a same single spot continuously
(CCGs) and B-A gauges (BAGs). Photo multiplier tubes increased. With a transmission power 200 MW a large
installed on a downstream view window are used to discharge took place, and the disk was destroyed. An
measure the time profile of light emissions from the alumina inspection with an electron microscope indicated numerous

disk. The X-rays from the RF window are measured with melted pin-holes and cracks at the point where the light
scintillation counters in the upstream and downstream emission was seen. Sample #1 showed the highest
neighborhood of the RF window. On the outer wall of the temperature rise among the samples tested. Our
RF window Alumel-Chromel thermocouple detectors were interpretation is that a highly localized multipactor started
installed to monitor the temperature rise of the alumina disk. on a defective spot on the surface, and resultant electron

A schematic diagram of the window structure is shown collisions on the surface has become the heat source to cause
in Figure 2. The vacuum on both sides of the alumina disk is
separated by the Helicoflex. Since it allows to replace the the disk failure.
alumina disk easily without disturbing the window frame. Sample #2: No localized discharge was seen during the

The RF pulse width is always maintained at 2.5 gts. In test. It did not experience a steep temperature rise as the

the first step the repetition rate of is set to 10 Hz, and the sample #1. After running with 204 MW at 10 Hz, the

power transmission is gradually increased. When the peak repetition rate was raised to 25 Hz. At 25 Hz, when the

transmission power reaches 200 - 310 MW and the alumina power reached 113 MW, the alumina disk was cracked and

disk survives, the same procedure is repeated at the pulse destroyed. No traces of melting were seen on the surface. We

repetition rate of 25 Hz and 50 Hz. interpret this failure as caused by a heating due to the

More detail of experimental apparatus was shown in localized sintering binder.

reference [5]. Sample #3: After running up to 200 MW at 10 Hz, the
test was continued up to 280 MW at 25 Hz, then up to 200
MW at 50 Hz. The test was terminated at that moment. The

"VIFWIN, WINCIOWTOF TFSTI D alumina disk has seen no damage. Figure 4 shows the time
CMH.1,_,/PORj C profile of the light emission from sample #3. The signal trace

is superimposed with the RF power profile. At the rising andS- (3 II•t•)falling edge of the RF pulse, when the power transmission

F 0 1601.HL Ro DIIROEIO reaches near 10 MW, light emissions for a few hundred
COUPtR -F I C.DO. yP nano-seconds are clearly seen. We understand that although

the canonical operation power was well above the
' H Imultipactor regime, during the pulse transient time the disk

INPUT DIRECTIONAL S STUB TUNER momentarily experiences the power level where multipactor
COUPLER

(-11.45 dB) WATER LOAD 11 IMAGE INTENSIFIER is prominent. Therefore, for real-life RF window disks, TiN
PM PHOTO MULTIPLIER

KLYSTRON TC THERMOCOUPLE coating is still required.
CM CAMERA
MA : MASS SPECTRUMANALYZER Sample #4: After running at 203 MW at 10 Hz, the
SC SCINTILLATION

COUNTER power was raised to 230 MW at 25 Hz, then 280MW at 50

Hz. No failure occurred. Sample #4 showed a very stableFigure 1. The diagram of the resonant ring performance after aging with the lowest temperature rise

even at the maximum
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power of 280 MW at 50 Hz. No traces of melting or cracks source of breakdowns. As a cure, we have developed a

were found on alumina surface. technique based on a combination of i) high-purity alumina

Sample #5: After running at 310 MW at 10 Hz, the disk, ii) avoidance of MgO sintering binder, and iii) the HIP
transmission power was raised to 280 MW at 25 Hz, then treatment. This significantly improves reduces the dielectric

300 MW at 50 Hz. No failure occurred. Figure 3 shows that RF losses and the porosity. The high power performance of

the temperature rise with sample #5 is very similar to that of alumina disks fabricated this way is significantly superior to

sample #3. No melting spots or cracks were found on the that of disks made in a traditional way. It was found that
disk after 500 hours of operation. multipactor occurs during the RF pulse transient time at the

Sample #6: after running at 200 MW at 10 Hz. No high power region. Therefore, coating with TiN is still

failure such as a crack occurred. During rf operation local necessary to maintain the best possible overall
discharge was continuously occurred around pin-holes, characteristics of alumina disks for RF windows.

Temperature rise of this sample was very high compare
with that of sample #3 and #5 which were made from a V. ACKNOWLEDGMENTS
same alumina quality as sample #6. It clearly this heat
source was electron bombardment due to local discharge at The authors wish to thank Professors Y. Kimura and K.
the pin-holes. At this moment this test has continued. Takata at KEK for their continuous encouragement. The
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10. 3101111W. 'opps 230 F 5.2contributed advise and information on the breakdown
28OM .• 50pp7s phenomena of RF windows and on high power experiments.
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High Power Test of RF Window and Coaxial Line in Vacuum
D. Sun, M. Champion, M. Gormley, Q. Kems, K. Koepke, A. Moretti
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P.O. Box 500, Batavia, II 60510(

Abstract
Primary rf input couplers for the superconducting

accelerating cavities of the TESLA electron linear _____

accelerator test to be performed at DESY, Hamburg,
Germany are under development at both DESY and
Fermilab. The input couplers consist of a WR650
waveguide to coaxial line transition with an integral
ceramic window, a coaxial connection to the
superconducting accelerating cavity with a second ceramic
window located at the liquid nitrogen heat intercept
location, and bellows on both sides of the cold window to
allow for cavity motion during cooldown, coupling
adjustments and easier assembly. To permit in situ high
peak power processing of the TESLA superconducting
accelerating cavities, the input couplers are designed to
transmit nominally 1 ms long, 1 MW peak, 1.3 GHz rf
pulses from the WR650 waveguide at room temperature to
the cavities at 1.8 K. The coaxial part of the Fermilab
TESLA input coupler design has been tested up to 1.7 MW
using the prototype 805 MHz rf source located at the AO
service building of the Tevatron. The rf source, the testing
system and the test results are described.

I. INTRODUCTION

TESLA [1] is a proposed 500 GeV center of mass
energy e+e- linear collider utilizing superconducting rf
accelerating cavities. An international effort under the
direction of DESY is collaborating to assemble a TESLA
test facility at DESY including an electron source, 40 m
of superconducting accelerating cavities, cryostats,
accelerating rf, beam diagnostics, and the
infrastructure necessary to produce and test the
superconducting cavities.

A TESLA accelerating module consists of a cryostat
nominally 10 m long and contains 8 niobium
accelerating cavities. Each accelerating cavity is
nominally 1 m long and contains 9 contiguous niobium
accelerating cells that are tuned to 1.3 GHz. Each 9 cell
cavity is excited in the pi mode with a single input
coupler. Figure 1. TESLA input coupler tested at AO.

Input couplers are under development at DESY [2 1
and Fermilab [3 1. The Fermilab input coupler design is isolates the pressuri7ed waveguide from the required high
shown in Figure 1. The function of the input coupler is vacuum of the cold coaxial section. The conical ceramic
to transmit the rf energy from the klystron power window maintains the ultraclean environment required by
distribution system, WR650 waveguide at room the superconducting cavities during their assembly and
temperature, to the cavities at 1.8 K. The cylindrical testing. During normal operation, this window acts as
ceramic window within the WR650 "doorknob" transition backup to the warm window and prevents contamination

of the entire accelerator in the event of a warm ceramic*()peataed by lmniver.,itiesq Researchi Associaiion wunder cwinmrad ! rIt ilt t 1.5.

Department of Energy. window failure.
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Normal operating conditions for the coupler
during beam acceleration are a peak power of 200 kW, a
nominal 2 ms pulse length and a pulse repetition rate of TP3

10 Hz. An estimated 1 MW peak power with reduced IGI ,G3
pulse length and repetition rate to keep the average coupler R,-I

power unchanged, is necessary if in situ high peak power
conditioning of the cavities is planned. At this peak power
level, the performance of the coupler, and in particular, ,
the behavior of the ceramic windows and bellows, can no _ - VP3 VP4

longer be reliably predicted, and at the very least, careful VP, VP2 vP2

initial rf conditioning of the coupler is expected to be
necessary before it functions reliably.

As an rf system at 1.3 GHz and at a peak power level C COUPLER

above I MW is currently not available to us, we have used
the operating spare klystron of the Fermilab linac upgrade RG[A

[4 ] to test the coaxial part of the Fermilab TESLA input IG2 G TP 'P , -A
coupler. This source is located in the AO service building
of the Tevatron where it was previously used to rf
condition the Fermilab Linac Upgrade accelerating
cavities. The rf source produces 120 gIs long, 12 MW peak AO TEST SETUP
power rf pulses at a frequency of 805 MHz. Except for
multipactoring, the difference in operating frequency does T: TURBO PUMPto: ION GAUGEnot significantly affect the behavior of the coaxial part of IGA: RESIDUAL GAS ANALYZER

the input coupler as it was designed to have a constant 50 VP: VOLTA PROBE

ohm impedance throughout, and the conical ceramic
window is "thin". The complete coupler, including the
"doorknob" transition with its narrow band width, will be Figure 2. Test geometry used to test the input coupler.
tested at a later date with a 1.3 GHz rf system under conical transitions were used to match the inner and outerassembly at Fermilab. cmcitastoswr sdt ac h ne n ue

coax conductors to the 3 1/8 inch rigid coax on either side

II. GEOMETRY AND INSTRUMENTATION of the test device. The rf insertion is approximately
matched and most of the power is absorbed by an rf load

The goals of the rf tests at AO were to subject located downstream of the test circuit.
TESLA input coupler components to peak power levels at Four turbo pumps were used to evacuate the test

least equal to their 1 MW design level, to find the rf volume. Four ion gauges and a residual gas analyzer

breakdown thresholds by raising, if necessary, the peak rf were used to monitor the vacuum during pumpdown and

power above 1 MW , and to determine the locations and during the rf testing. Six glass windows, two in line with

mechanisms of the rf breakdown. These goals the test device (GWl and GW3) and their associated

necessitated a somewhat more elaborate test geometry than photomultipliers were used to monitor the light output

normally used to condition rf components. within the test volume. Two additional windows, one
The test equipment that has been added to the A0 rf glass with a photomultiplier and one KBr window for

system is depicted in Figure 2. The rf power enters and an infrared monitor, were mounted on either side and close
leaves the test equipment through the two WR975 to 3 1/8 to the cold TESLA window to monitor this critical area.
inch coax couplers shown at the bottom of the figure. Finally, 8 rf voltage taps spaced 1/8 wavelength apart, 4
Not shown are the forward and backward directional upstream and 4 downstream of the test device, were
couplers in the waveguide upstream of the test insertion to available to locate a breakdown region in the event that the
measure the rf power, and the waveguide ceramic windows breakdown reflected a measurable amount of rf power.
contiguous to the WR975 couplers to allow high vacuum in The controls of the AO rf system contain 8
the test device. Two standard 3 1/8 inch rigid coax triggerable data recording channels that were intended to
sections, each 12 inches long, and two rigid 3 1/8 inch record transient signals during klysiron modulator
coaxial elbows complete the rf circuit. The test geometry performance checks or fault diagnosis. Each data channel
is physically symmetric relative to the test device. The consists of a digitizer connected to a 120 ts circular
coaxial part of the TESLA input coupler tested has an buffer with a I ps time resolution. These channels were
outer coaxial diameter between 4 cm to 6 cm. Therefore. available for transient analysis. In addition, a single data
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point per channel was recorded 4 times per minute and window, and by the high vacuum pressure downstream of
stored in a Sun Work Station to maintain a slow time the conical window. Since then, several more sparks have
record of the test over many days. occurred, apparently in the downstream region, all at or

above a peak power level of 1.4 MW.
III. PROCEDURE Steady light related to the rf power has been observed

by the photomultiplier located at GWI, that looks at the
During the test, the rf pulse length and pulse repetition upstream part of the coupler as far as the conical window,

rate were maintained at 120 gis and 15 Hz, the maximum by the photomultiplier located immediately downstream of
available from the AO rf system. The average vacuum at the the conical window, and by the photomultiplier located on
start of the test was 2.8 10-7 ton'. The peak rf power was the downstream waveguide transition (GW4). The light at
increased in steps; the amplitude increase per step was GW4 can be conditioned away, reappearing only if the rf is
determined by the vacuum pressure which was arbitrarily turned to a lower level for an extended time and then
maintained below 2.0 10-6 ton'. The vacuum pressure was returned to its higher original level. The light on either side
allowed to recover at constant rf power until it reached a of the conical window occurs at specific power levels,
pressure of 4.0 10-7 torr at which point the rf power was increasing and decreasing as the power is continuously
again increased. The power threshold at which the vacuum raised, and up to now has not been completely conditioned
first responded to the rf was 3.6 kW. away.

The photomultipliers were calibrated by measuring
their outputs when located at the same position. Their V. CONCLUSIONS
outputs indicate relative light intensities as a function of rf
power, time, and location. The photomultiplier outputs The conical part of the tested TESLA input coupler
were continuously observed during the coupler conditioning appears to satisfy the normal peak power operating
but were not used to determine the rate at which the rf condition of 200 kW. After conditioning, no light is seen
power was increased, below a peak power of 230 kW. Effort continues to

The temperature of the conical ceramic window was understand and eliminate the light still present. A
monitored with an infrared detector looking directly at the possibility is to locate the conical window at a voltage
ceramic, and with two thermocouples located on the outer minimum to reduce the voltage at the window during
coax conductor near the location where the ceramic was mismatched operation.
attached with a braze joint. These thermometers were Operation at a peak power level of 1 MW for in situ
monitored to prevent damage to the ceramic due to thermal high peak power conditioning of the cavities is still not
stress, and to record the heating rate of the ceramic as a certain. Some light during conditioning is acceptable as the
function of rf Power through the ceramic window, conditioning time is short. However, the location of the

observed sparks needs to be determined and the cause
IV. RESULTS corrected.

Testing has been in progress for one week. The VI. REFERENCES
coupler was conditioned to a 1.4 MW peak power level
within three days. This time could have been reduced to [1] A Proposal to Construct anti Test Prototype Super-
two days with an automatic conditioning system as the conducting R. F. Structures.for Linear Colliders,
system was operated at a constant reduced power level DESY, April 1992
(20kW and 100 kW) while unattended overnight. Since this [2] B. Dwersteg, M. Marx, D. Proch, "Conceptional
initial conditioning, the coupler has operated without Design of it RF Input Coupler for TESLA", DESY
interruption for 40 hours at a peak power level of 230 kW, 1992
for 16 hours at 1 MW, and 1 hour at 1.7 MW. [3] M. Champion, D. Peterson, T. Peterson, C. Reid,

During conditioning, the klystron shut off twice due to "Tesla Input Coupler Development", these
a klystron window spark and/or high reflected rf power. proceedings
The first trip occurred at 1.3 MW. The cause of this trip has [4] H. Pfeffer, et al, "Solid State 24 MW Modulator for
not been established. The second trip occurred at 1.44 MW Fermilab's 400 MeV Linac", Twentieth Power
and was caused by a spark downstream of the conical Modulator Conference, Myrtle Beach, South Carolina,
window, perhaps in the 4 cm region of the coupler or in the June 1992
3 1/8 inch transition. This spark was isolated through high
light output at GW3 and GW4, the photomultipliers
mounted downstream of the conical window, by low light
output from the photomultiplier mounted by the conical

1129



Mode Selective Directional Coupler for NLC*
S. G. Tantawi

Stanford Linear Accelerator Center, Stanford University, Stanford CA 94309

Abstract In this paper we present a rigorous approach for designing
The design method for a high power, X-band, 50 dB, circular mode-selective directional couplers using the analogy between

to rectangular directional coupler is presented. The circular guide the coupling between guides with slots and digital filters. The
is over moded and is intended to operate in TEoi mode. The theory is presented in section II. An example of a coupler
rectangular guide operates at the fundamental TEl 0 mode. A design and comparison between theory and experiment is
small percentage of higher order modes in the circular guide can presented in section 111.
cause considerable errors in the measurements because the
magnitude of the axial magnetic field of these modes is higher II THEORY
than that of the operating mode, especially near their cutoff. We
used a Hamming window pattern for the coupling slots to achieve Figure 1 shows a schematic diagram of the problem. The
mode selectivity. Comparison of theory and experiment will be circular guide is over-moded, but the rectangular guide that forms
presented. the side arm is assumed to be able to support only one

propagating mode. The rectangular guide is coupled to the circular
I. INTRODUCTION guide by the side wall (the narrow side of the rectangular guide).

This means that the rectangular guide couples only with Hz (the
Over-moded waveguides are often used to minimize the magnetic field in the Z direction); hence the side arm will couple

losses in waveguide transport systems, . One key component in to no TM modes in circular guide. The coupling between a TE
these systems is directional couplers. These are used either to mode with wavelength Xn, and an axial magnetic field Hzn to
couple power from one guide to another or to monitor the power TE10 mode in the rectangular guide with wavelength I can be
in one guide. In either case the coupler should introduce very written as a phasor addition of the contribution of each slot in the
little mode conversion into the original guide and couples only to coupler; i.e.,
the design mode of operation. This paper is concerned with the N -2) z, ¢-L:-)
design of a mode-selective directional coupler for the Next Linear Hn.'' Hiui e, , (1)
Collider (NLC) RF system[l]. This system uses a circular H ' = Ai e

waveguide with a 1.75" diameter. The operating frequency is i=-

11.424 GHz. These waveguides are expected to transport RF where H,'j' is a phasor representing the Z magnetic field in the
power up to 200 MW. A directional coupler with a coupling coupler side arm. The plus sign is for coupling in the forward
level around -50 dB is required to monitor the power level in direction, and the negative sign is for coupling in the reverse
these guides. The guide operates in the low loss TEO, mode. This direction. The symbol zi refers to the coupling slot position in
mode has a small magnetic field near the wall unlike other modes the Z direction relative to some arbitrary reference. Equation (I)
that can be supported by the guide. Hence, unless the coupler is can be viewed as a discrete convolution of a signal represented by
highly mode selective, a small percentage of mode impurity the field inside the main coupler guide as a function of zi, i.e.,
causes errors in the measurements. -2 q I

The methodology normally used in designing mode selective s(i)="H: e (2)

directional couplers for high power over-moded guides with a filter represented by the coupling in the side arm as a
discriminates against other modes by properly choosing the function of zi, i.e.,
distance between coupling slots [2]. As the number of modes -2# -, €•)
inside the original guide is increased, the number of holes and the h(i)= Ci e . (3)
length of the coupler are increased. This makes the coupler hard The output signal is then given by
to manufacture and very sensitive to the accuracy of slot N
positions and size. When this problem was studied for y(l) = s(i) h(l - i). (4)
communication systems, it was possible to make the wavelength
of the dominant mode in the side arm equal to that of the main Equation (4) is equivalent to eq.(1) at 1=0. The input signal s(i)
guide. In this case, it was realized that natural mode can be viewed as a summation of different harmonics each having
discrimination occurs independent of slot positions [3]. However, a frequency 2x/;L,. The filter h(i) can then be designed using
there is no theory developed for designing couplers in a mannerindeendnt f slt psiton.standard methods for Finite Impulse Response (FIR) digital filters
independent of slot position. [4]. If N -4 - and Ci is a constant, it can be seen immediately

that the frequency response of the filter is
3(2x/ A- 2z /A,)where 3(.) is the Dirac delta function. This
means that by choosing the wavelength in the side arm equal to

SWork supported by the department of Energy, contract DE- the wavelength of the desired mode in the main guide and having
AC03-76SF00515 long enough coupling length, the side arm will couple only to
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that mode. However, we do not require the coupling response to
be as narrow as a delta function. It is sufficient to have a band-
pass FIR filter with band width equal to 212xl/A,-2xr/A - 5 --

where A1 is the wavelength of the operating mode in the main

guide and A, is the wavelength of the mode closest in wavelength -5 ..........
to the propagating mode. The filter should have side lobes (or - 1 5- .............
ripples) as low as the desired rejection value for the unwanted
modes. 25

Side

Coupling
Main sit -45
guid -65 8KN

Figure 2. Hamming window impulse response

The filter impulse response, shown in Fig 2, shows a7 . .. dip between each side lobe and the next. These dips will exist
whether this type of filter is used or not. At the wavelengths at

Figure 1 Schematic diagram of the basic coupler geometry which a dip occurs, the distance between the slots is such that no
coupling occurs. The distance between the slots can be adjusted

One standard and widely used FIR filter is the so called so that the wavelength of each unwanted mode lie in exactly one
Hamming window [4]. A Hamming window with its main lobe of these dips. This is the normal methodology in designing
centered at 2z/ A, is given by equation (3) while substituting couplers. However, as the number of modes gets larger, the
for the coefficients Ci as follows: coupler length and number of slots also becomes large. In this

2_ N-i case it becomes very difficult to fabricate the coupler because of
Ci = 0.54 + 0.46cos- (i -1 - 2-)), 1• i5 <N (5) the tight tolerances imposed on the distances between the slots

Using a discrete Fourier transform one can obtain the impulse It worth noting that the filter function being used for
response of that filter. This is shown in Fig. 2 as a function of coupling will be just as effective in eliminating any mode
the normalized frequency 0 = 2 x Az / A, where Az is the contamination and mismatch in the main guide due to the
separation betwee.- slots The peak side lobe amplitude is coupling slots. Each slot will produce an amount of mode
-41 dB. The main ,ohe width is 8Mz/N. This determines the conversion and reflection that will add up according to
required coupler length (L): Equation(l). Hence, they will cancel each other according to the

A A2 filter function except for the operating mode in the forward
NAz =- L > A "f- _A , (6) direction.

The sampling distance Az must obey the Nyquist sampling III A 50 dB COUPLER for NLCTA
criteria, i.e.,
Az < Anm /2, (7) We used the design method described above to design a
where Xi. is the smallest possible wavelength in the main mode selective directional coupler for the NLCTA RF system

guide. If the slots are small and circular, the relation that governs described briefly in the introduction. The coupler has 50 holes

the Hiz coupling between the two guides is well known; see for separated from each other by Az--0.574". This separtion agrees
example [5). The equations that relate the propagating power to with eq. (7) and at the same time equals to Ai2 at I 1.424 GHz.Hz, the relations relating the slot dimensions to its coupling Thus the directivity is enhanced at this particular frequency. The
coefficienthe and eluations relating thersotuds te maitdsc ligng coupling wall thickness is 0.03". The diameters of the holes are
coefficient, and equations (5) through (7) are the main design tailored to simulate the hamming window. The large dimension
equations. The resulting mode selective directional coupler is of the rectangular guide that forms the coupler side arm is 0.717".
insensitive to large dimensional tolerances between the slots. This makes the wavelength of the dominant mode in the side arm

(TE10) equals to that of the operating mode in the main guide
(TEO,). To taper up from this dimension to the standard WR90
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X-band waveguide, a taper was included in the bend that separate TE10 in rectangular guide and another for TEO, in circular guide).
the side arm from the main guide. This bend was designed with The main guide was terminated with a slowly tapered horn to
the help of the finite element code HFSS. To keep the coupler simulate a matched load.
under vacuum, the side arm v -.-minated by a standard SLAC Figure 4 comparies experiment and theory for both
vacuum window[6]. forward and reverse coupling. The forward coupling agrees very

Figures 3 shows the theoretical coupling to all parasitic well with theory. The reverse coupling shows a good directivity
TE modes. Near 11.42 GHz TE4 1 has a higher coupling value of about 30 dB. However it does not agree very well with the
relative to the other modes because it is very close to cutoff. This predicted 40 dB directivity. This can be attributed to the fact that
makes it has a very large axial magnetic field. The coupling from the load which terminate the coupler has a reflection coefficient
that mode is attenuated by more than 41 dB because of the that is greater than -40 dB.
Hamming window. If the coupler did not have a way of
discriminating against that mode, a considerable error in the
measurements could occur due to a small impurity in the original -50- f
mode. Since the Hamming window impulse response is periodic,
the coupler will start to couple well with backward TE I 1 after
12.1 0Hz. -60 Bacwr o12 .1 ~ z . 60 _ . .............. ........ . .. I ...... .. l.'... g.. ....... .e t _

- .... Bac.ward Co.'pling G )
F e B Fu 4. Fobe eard Corticlng (Experimental

-5- 1 1 31 X IV.A FoWLEard GMENT.+ TE2 X TE I -70-- ------ ..... ................ ~ !-g- -•.....
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Window Design with MAFIA

W. Bruns, H. Henke, B. Littmann and R. Lorenz

Technische Universitit Berlin, EN-2. Einsteinufer 17, D-1000 Berlin 10. Germany

Abstract

A window design scheme using the MAFIA code is pre-
sented. Two sample windows in UHF and Ku-band are
designed. The UHF window is dimensioned for high power
CW operation (narrow band). It consists of a single ce-
ramic, with the possibility to direct a blower. The Ku-
band window is designed for pulsed operation. It con-
sists of two single windows. Sensitivity calculations are
carried out using a mode matching code which calculates
S-parameters of axis-symmetric geometries. An arbitrary
number of cross section changes and different material fill-
ings (dielectrics) is allowed.

1 Introduction

The window is a bottleneck in the RF supply system. Op-
eration disruption has been reported at SRS [1]. Main Figure 1: MAFIA mesh of the window.
failure mechanisms are heating (losses in the dielectric or
in the anti-multipactor coating) and multipactoring me-
chanical damages [2]. With ever higher accelerating gradi- was preferred to beryllia (BeO) on grounds of lower cost
ents and therefore higher power requirements the window and easier handling (non-toxic, copper brazeable). A di-
design will demand increased attention. electric constant c, = 9.5 was assumed. The wavegui-

de height restricts the possible window aperture. Leav-
ing room for a small copper sleeve, the aperture was set

2 UHF-band W indow d =. = 8"6/8. The window thickness is determined in the
next step.

MAFIA [31 versions 3.10 and higher have the capability to 2. Window simulations. The window reflection was com-
compute S-parameters of arbitrary waveguide components. puted with MAFIA. Some 5-10 simulations were required
Simulation is done in time domain, with an incident wave to determine the dependence of reflection with the window
at one port. The stationary S-parameters are obtained af-
ter some 25-50 time steps. Typically 20,000-60.000 mesh-
points were used, which sums up to 30-60 minutes user
time on a RS6000/320 for each simulation.

The window was designed to be installed in a waveguide
WR1800 (dimensions 18" x9", frequency fRF = 476 MHz).
The MAFIA mesh is shown in Fig.l. Note that only a
quarter of the structure was modelled to exploit all sym-
metries. Design performance is displayed in Table 1.

A single window design was preferred to multiple win-
dows (say three or five) distributed over the waveguide
cross-section. The general feeling was that costs would
rise and chances to fail would be higher. Here the design
steps taken are listed:
1. Choice of window size and material. The first step was
to select a ceramic (material and size). Alumina (A1 2 0 3 ) Figure 2: MAFIA mesh of the trapped mode calculation.
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Parameter Value The matching introduces standing waves:
Operation frequency 476 MHz
Reflection 0.008 (- 42 dB)
Bandwidth ISuI1 < 0.1 0.033 VSWR = IS."dl.
VSWR between window and 1.11 CIc

inductive element I"• gd[n-1 + Z. IsS"'
n=L n=1 /

Table 1: Performance data. = 1.11

laili " 5. Final MAFIA runs. The reflection of the complete
window design (window and inductive element) was

7 checked. Fig.3 shows the resulting envelopes of the input
pulse and 1S11 1. The geometry is shown in Table 2.

Geometry Size, material
Waveguide WR1800 (18" x 9")
Window material A120 3 , Cr = 9.5
Window diameter 8"3/4
Window thickness 0"7/8

. Inductive element width 1" 1/2
0.00. 0.0.2... 4 . 00.... 6... ... 0.. 02.... '" Inductive element thickness 0" 1/2

t/s Distance between window

1bl= and inductive element 8" 11/64
ISiiail .. Table 2: Window geometry and ceramic material.

Variable u IASllI (IASii/Aul)
" Dielectric constant Er 0.028 0.3

Window diameter 0.048 0.45 1/cm
Window thickness 0.017 0.8 1/cm

S..... Inductive element width 0.0017 0.04 1/cm
0 . .. Inductive element thickness 0.00015 0.02 I/cm

4.0.... -4, 4..00.0-0. .00=.. .. 06 . . ...A 2.00,2-4, Distance between window

t/s and inductive element 0.0018 0.009 1/cm
Frequency 0.06 12.0 1/GHz

Figure 3: Envelopes of the input pulse and S11. Table 3: Window sensitivity with a variation of parameters

of about 1%.

thickness and find zero reflection (IS111 = 0 @ dth = 2.38 Sensitivity calculations were carried out with a variation
cm). Next the thickness was rounded to some available Sen s calc ulao are out it a vasize, thereby introducing some reflection ($it = 0.10 1 •of parameters of about 1%. Results are shown in Table 3.

size, t y ig sObviously the sensitivity of the window size and material
e-31"9* @ dth -- 0"7/8). is highest, whereas tolerances of the inductive element are
3. Matching element. Matching was performed with an in- relaxed by about one order of magnitude.
ductive element. Again MAFIA was used to model the ele- Finally, the design was examined for trapped modes.
ment. This step required less CPU-time since the mesh was Long waveguide sections were shortened (see Fig.2). No
coarse. Three simulations were needed, as the reflection trapped modes were discovered within the frequency range
depends almost linearly on the aperture of the element. of interest (one was discovered at f = 913 MHz).
The element with the same absolute value of reflection as
the window was selected.
4. Matching element position. With MathCad the exact
element position was computed (cancellation of reflected
waves).
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3 Ku-band Window number of cross section changes and various material fill-
ings have been used to check the results and to calcu-

The Ku-band window has been designed for a circular late some tolerances. The structure has a bandwidth of
waveguide at 18 GHz. It consists of two thin windows B 1 3% with S,, <_ 2.5% (curve 1, Fig.5). With addi-
spaced 4.8 mm apart in an outer pipe of 6.09 mm diam- tional irises the curve became flatter and the bandwidth
eter. A cooling agent can thus flow through the space increased up to B =_ 4% (curve 2, Fig.5). The param-
between the windows to reduce the possible thermal fail- eter with the highest sensitivity is the window thickness
ure. Thin irises have been added for more flatness and to which determines the center frequency. Other parameters
increase the bandwidth. The geometry is shown in Fig.4 were uncritical with respect to the bandwidth within 1%
and some parameters are given in Table 4. mechanical tolerances.

Finally, we checked the design for trapped modes. In
fact, this provisional design shows two trapped mode-, at

Af = ±520 MHz away from the operation frequency. But
we have good hopes to shift them further away by changing
the thickness of the ceramics.

The parameters for a single BeO-window have been cal-
culated, too. We achieved S,11I = 0.1 with a bandwidth of

SAta. 0B = 12%, however the design is very sensitive to the win-
=9.5 dow thickness. BeO is toxic and has brazing difficulties,

but on the other hand it has a thermal conductivities close
to copper [4]. For this structure trapped modes appeared
at Af = ±370 MHz.

Figure 4: Geometry of the Ku-band window, A12 0 3 . The frequency behavior of IS11j for both windows was
calculated with a mode matching code and is shown in

Parameter Value Fig.5.

Operation frequency 18 GHz
Reflection 0.01 4 Acknowledgement
Bandwidth IS111 < 0.025 0.04
Waveguide C190 One of us (B. L.) likes to thank R. A. Rimmer for valuable

Window material A12 0 3 , C, = 9.5 discussions.
Window radius 6.09 mm
Window thickness 2.89 mm
Distance between windows 4.8 mm References
Iris radius 5.4 mm [1] A. Jackson, RF Window Failures in The SRS Up To
Distandoe berwes 1. mw 30 November 1983, SRS/APN/83/54, 1983and one iris 14.2 mm

Table 4: Parameters of the Ku-band window. [2] R. A. Rimmer, High Power Microwave Window Fail-
ures,Thesis, 1988

ISull . /[3] T. Weilandt et al., DESY Report M-86-07, 1986

3'3 2 [4] A. E. Vlieks et al., Breakdown Phenomena in High
008 A.1203  /-Power Klystrons, SLAG-PU B-4546, 1988

0 )1BeO

'YI

L7 ý7. 174 .7 8 J8.4 AS.6 IS

f / GHz

Figure 5: Frequency dependency of ISul .

A mode matching code which calculates the S-
parameters of axis-symmetric geometries with an arbitrary
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DEAD-TIME TUNING OF A PULSED RF CAVITY

P. Balleyguier

Commissariat & l'Energie Atomique

Service de Physique et Techniques Nuclaires

B.P. 12, 91680 Bruy~res-le-Ch&tel, FRANCE

Abstract
A scheme for tuning a high-power 2. Drawbacks of the classical

pulsed RF cavity using a low-power source tuning system
during dead-time is given. This principle
has been used for the injector cavity of The power chain is ended by a 2 MW
the free-electron laser ELSA. Its tetrode which is protected against
advantages, with respect to the classical reflected power by switching off the RF
way which consists of measuring the high source if necessary. Thus, if the cavity
power signal phase, are discussed. is initially detuned, no adequate error

signal (issued from phase comparison) is
available, and the cavity cannot be tuned.

1. Introduction The only way to fix the problem is then to
start with a low RF power level, in a way

Like any high Q resonator, the that the security switch keeps the "on"
injector cavity of ELSA [1-2] (see position in spite of reflected power.
characteristics in table 1.) has to be Then, the tuning loop can be closed, and
precisely tuned. In a way to keep it tuned after waiting for the end of its transient
in spite of thermal shifts, its resonance response, one can gradually increase the
frequency can be adjusted by a movable RF power.
plunger. Moreover, because the phase

The fast phase variation nearby the comparator dynamic range is rather narrow,
resonance frequency can be used for variable attenuators have to be adjusted
automatic tuning: the phase difference in case of RF level increasing. But since
between transmitted and incident RF their phase shift depends on attenuation,
signals gives an error signal which can it is difficult to keep the phase loop
command the plunger after filtering, locked while the RF power is increasing.

On a first period of time, we used In our pulsed machine, the error
the classical scheme (fig.1) in which the signal is only available during the pulse,
RF signal used for cavity tuning is issued and a sample-and-hold circuit followed by
from the power signal Itself. Tests showed a low-pass filter has to be provided for
that this tuning system did work but was the error signal treatment. The frequency
not convenient for our pulsed machine, response of the low-pass filter has to be

compatible with the lowest repetition rate
of the machine. As this rate can be

Table 1: Some RF characteristics lowered to 0.4 Hz in our case, the
of ELSA injector cavity, transient response of the tuning loop

should be very long.
Frequency : 144.444 MHz Furthermore, when the cavity is
Internal Q : 30000 detuned, RF power causes strong outgassing
Maximum pulsed RF power : 2 MW which damages the photocathode in the
Reflected power threshold : 100 kW injector.
Pulse duration (flat part) : 200 ps
Pulse duration (total) : 500 ps
Repetition rate : 0.4 to 50 Hz
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3. Dead-time tuning system 4. Conclusion

Since the cavity is inactive during Experiments showed that this
most of the time (from an RF point of dead-time tuning system works perfectly
vue), this dead-time can be used for and supports high-power pulses. With such
tuning it (see fig.2). The basic idea of a system, the injector cavity of ELSA is
phase comparison between incident and always tuned and ready to receive
transmitted signals remains, but these high-power pulses of any level and
signals are now independent from the repetition rate. A similar system has been
pulsed RF power. The principle of the developped for tuning the ELSA 433 MHz
dead-time tuning system is to inject a accelerating cavities [3].
low-power CW RF signal in the cavity, to
pick-up a transmitted signal and to
measure its phase after amplification. The 5. References
only problem is that this system has to
keep working and remain stable when [11 S.Joly et al., "Progress report on the
high-power pulses occur. ELSA FEL and first lasing", 14 th

First, a CW RF signal issued from a International Conference on
10 W amplifier is injected in the cavity Free-Electron Laser, Kobe, 1992.
with a low coupling antenna (-40 dB) to
avoid high-peak power on the injection [2] P.Balleyguier and R.Dei-Cas "RF pulse
line. A circulator is provided to protect shape control using a reccurent
the amplifier from the pulsed RF power algorithm for a FEL RF gun cavity",
(200 W). First tests showed that cavity Linac Conference, Albuquerque, 1990.
leakages could distroy the circulator. For LA-12004-C, p.499.
that reason, the device is now supplied
with an EMP protector. [31 P.Balleyguier et al., "Experimental

Note that the CW signal level Is study of a 433 MHz 3 cell cavity for
about I mW in the cavity; this is 93 dB FEL application", European Particle
lower than the pulsed power which is Accelerator Conference, Nice, 1990.
assumed to be 2 MW. Editions Frontieres, p.910.

The transmitted signal is picked up
with another low coupling antenna (-40 dB
also) and its level is amplified to 0 dBm
with a low-noise amplifier to match the
phase comparator standard input level. A
passive limiter has been provided to
protect this amplifier against high-power
pulses.

Since both the limiter and coupling
antenna are total reflection terminations
from a high power point of view, dangerous
standing waves could appear between them
during high-power pulses. In a way to damp
these eventual standing waves, a 10 dB
attenuator was provided, and the actual
output antenna coupling was increased to
-30 dB. Note that this attenuator has then
to support a pulsed RF power of 2 kW.

Finally, the error signal issued from
the phase comparator, is blanked during
high-power pulses.
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Fig.2: Dead-time tuning system.
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Frequency Control of RF Booster Cavity in TRIUMF

K. FONG and M. LAVERTY

TRIUMF. 4004 Wesbrook Mall, Vancouver, B.C., Canada, V6T 2A3

Abstract same frequency when the reference is absent, for intervals
from minutes to hours. An embedded microcontroller

A booster cavity is used in the TRIUMF cyclotron to controlling the S/H circuit is used to extend the acquisition
increase the energy gain per turn for beam orbits time of the phase-locked loop when the cyclotron's rf is
corresponding to energies greater than 370 MeV. It operates restored at a different frequency. The input to the VCO is

at 92.24 MHz. the 4 th harmonic of the cyclotron main rf, and only permitted to vary slowly under software control.
at a nominal voltage of 150 kV. Excitation is provided by a Furthermore, this control also allows one to sweep the output
90 kW rf system that is phase locked to the main rf. When to find the most favorable frequency during power-up
the main rf is interrupted due to sparking or other causes, a sequencing.
controller built into the low level frequency source of the
booster rf system disables the phase-locked loop. and II. SCHEMATIC DESCRIPTION
reconfigures the source as a temperature stabilized oscillator
operating at the last locked frequency. When the cyclotron rf A functional block diagram of the frequency source is
is restored it usually will be at a different frequency. The given in Figure 1. Its main components consist of a multiply
oscillator tunes automatically to this new frequency. The by 4 analog phase-locked loop with an input frequency of
acquisition time is extended by the controller to match the 23.06 MJHz, and a pair of Analog-to-digital/Digital-to-analog
response time of the mechanical tuner in the cavity, converters controlled by a microcontroller. During normal

I. INTRODUCTION mierocontrolleI J d tect I '. • I _ _ _

The TRIUMF rf booster is an auxiliary accelerating cavity ADC DAC
operating at the 4th harmonic of the cyclotron rf. It provides 23 MHz
150 kV at its accelerating gaps for additional acceleration of in phase fltr

the beam at energies above 370 MeV [1]. [2]. By altering the detector fite

phasing between the fundamental and the 4 th harmonic one
can also produce longitudinal splitting of beam bunches 13].
There are several requirements that the frequency source for
the rf booster must satisfy. First. for proper acceleration of out
the beam the 92.24 MHz booster rf must be phase-locked to
the 23.06 MHz cyclotron rf at the dee. This is necessary Figure 1. Over-simplified Functional Block Diagram of the
since the cyclotron rf is not phase regulated. and its phase booster frequency source.
varies as the resonator detunes due to mechanical vibrations.
Second. when using the cyclotron rf as the reference, it is operation. when the input reference is present. the PLL
liable to shut off due to a variety of reasons. When this operates as a second order loop. A frequency/phase detector
occurs it is desirable to maintain rf power in the booster for compares the phases between the reference input from the
thermal stability reasons. Third. when the reference returns cyclotron rf and a divided by 4 output of a VCO with a centre
after a length of time. it will usually be at a different frequency of 92.24 MHz. The phase difference is filtered to
frequency. The source cannot jump instantly to this new remove the 23 MHz component. It is connected by an analog
frequency since the booster cavity is not tuned to this new sw~itch to the loop filter, a proportional-integral amplifier,
operating point. The transition must be gradual enough for whose output is used to vary the frequency of the VCO. This
the mechanical tuning system to follow. Fourth, the frequency results in a second order feedback loop, with one integration
source should be capable of being decoupled from the provided by the loop filter and the other provided by the
reference and performing limited frequency sweep. This is VCO. The microcontroller assumes a supervisory mode and
necessary during power up sequencing for cavity instructs the ADC to repetitively sample the voltage at the
conditioning. The above requirements are met with a loop filter output. This value is stored in the memory of the
multiply by 4 phase-locked loop that is able to work with the microcontroller. When the reference is off. the
non-cooperative cyclotron if as the reference. A digital microcontroller breaks the feedback path and reconfigures the

sample and hold circuit driving the voltage controlled source to operate in an open loop mode. It recalls the stored

oscillator in the PLL enables the oscillator to free run at the value of the last sampled voltage, converts it into analog
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voltage via the DAC and drives the VCO to the last sampled
frequency. The switching between the loop filter output and
the DAC output is designed to prevent voltage spikes from 2HcnS + n2
appearing at the VCO input. Due to its very high low H(s) 2 2 2
frequency gain. the PI amplifier once taken out of the s +21O nS +wn
feedback path will have integrator wind-up, and cannot be
switched in again without causing a voltage spike. For this
reason the P1 amplifier is always in some sort of feedback where wo =1/2XKfKWbAp =1.82 xl02 •b AP is the

path. During open loop operation, the PI amplifier is
incorporated in a minor loop as shown in Figure 2. The closed loop bandwidth, and ý =W /2Wb =9.1 x0'Al P b
output of the DAC does not drive the VCO directly. but
instead is compared with the output of the PI amplifier and O .. *

the error is feedback to the input of the PI amplifier. This -, .o. lo TV4 It a o -. .06.

completes a voltage feedback loop that regulates the output of ts

PI amplifier to be the same as the output of the DAC. The
output of thc P1 amplifier is at all times connected to the
VCO. When the reference is restored, the microcontroller 92 *

measures the frequency differences between the input and the _3 : ef tM __I

VCO output/4. and instructs the DAC to slowly ramp the
VCO towards the 4 th harmonic of the input. This slow
ramping is necessary since, if the difference in frequency is
large when compared to the resonator bandwidth, simply - - l

from DAC

to ADC & VCO C * . 0@G sot S a s S.ONe 16,
error m & to H vo is"

V--H amplifier

from -4 Figure 3(a). Spectrum of VCO output in unlocked condition
phase detector ___... _ g.amSe ,

from oa d__ _. A, 1 do -96. "
microcontroller - " o e ." Ido,_ , loop filter • [m

_-(PI Amplifier) _T
Figure 2. Detailed schematic of minor loop between the loop
filter and the phase detector for glitchless closing of PLL. R ICR

S2.. 399 59 "-ina

enabling the PLL will cause a fast frequency shift and the
mechanical tuning motors would not be able to catch up.
This would result in excessive forward and reverse power
demands from the power amplifier and can cause catastrophic
failure of the power amplifier. When the microcontroller
detects that the difference in frequency is less than the 3 dB
bandwidth of the cavity, the switches are re-engaged to
enable normal closed loop operation. The DAC is also c, ,,• *, . -...-
stepped during the initial power up sequencing. By sweeping RE & 'Is -2 190

the frequency this way one is able to choose the optimum
frequency for cavity conditioning. Figure 3(b). Spectrum of VCO output in locked condition

is the damping factor. The design starts with a target
III. BANDWIDTH bandwidth of 500 Hz and a damping factor of 2. Using

standard component values one gets a bandwidth of 425 Hz
Measurements show that the phase detector gain KO is and a damping factor of 1.7. The open loop gain at 5 Hz is

8X105  The 10.000. Since the phase variation of the reference is0.16V/rad and the VCO gain Ko is 8.3 ×0 rad/sV.Th
predominantly due to mechanical vibrations of the resonator

closed loop gain of a x4 PLL with a PI loop filter having structure that centers at 5 Hz, this open loop gain is more
proportional gain .4p and a zero at frequency w0b is given by than sufficient to track the phase variation occurring in the
141 reference.
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0.3 1_ IV. SPECTRAL OUTPUT

Comparison of the output spectra of the source under
0.4 locked and unlocked condition is shown in Figure 3. The

actual output power is +13 dBm but is attenuated at the input
w •of the spectrum analyzer. Figure 3(a) shows the output when

C 0. 3 •the PLL is disabled. Frequency stability and phase noises are
not particularly good. This is to be expected from a free

0.2 running VCO. The output spectrum improved significantly
0. when the PLL is enabled and locked as shown in Figure 3(b).

In this case spurious noises are at least 55 dB below carrier.
0. 1 Fig. 4 shows the statistical distribution of the frequency shift

at the output of the PLL when the input reference is switched

0.0 0 200. . off. Due to digital quantization there are 3 distinct peaks of

0 200 400 600 800 1000 shift, each separated by about 400 Hz. which is in agreement
Swith the selected step size. One can also see that the

Frequency Shift ( Hz) maximum shift is less than 1 kHz, well below the bandwidth

Figure 4. Amount of frequency shift when the frequency of the cavity. The "long" term frequency stability under free

source switches from phase locked mode to free running running condition is shown in Figure 5. The maximum

mode. frequency excursion is only 200 Hz over a time interval of 30
minutes. This stability is obtained by using temperature
compensating capacitors in the VCO LC tank circuit.

92.2399

V. CONCLUSION

The performance of the frequency source of the booster

92.2398 has to satisfy several requirements: it must be able to track
the phase and frequency variation of the reference input,
which may be absent for a long period of time, while
acquisition time must be --ow enough for the mechanical
tuning system to follow. These would be conflicting

92.2397 requirements in an ordinary PLL, but are avoided by using an
embedded microcontroller to control the operation of the
loop. This controller determines the acquisition timing, as

well as the opening and closing of the analog PLL. Safe and
92.2396 reliable operation of the source has been demonstrated with

92.2396 10 15 20 2'5 this system.
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The Phase Servo Tuner Control System of The ALS 500MHz Cavity*

C.C. Lo and Brian Taylor
Lawrence Berkeley Laboratory, University of California

I Cyclotron Road, Berkeley, CA 94720 USA

Abstract Figure I shows the block diagram of the control module.
Three 500 MHz cavities are used in the Booster and Most controls have been implemented with the capability of

Storage Ring of the Advanced Light Source (ALS). Due to operating under local controls or remotely via the Intelligent
different varying parameters, a control system is required to Local Controller (ILC)[2] and the computer in the main
keep the cavities in tune during operation. The tuning of the control room. With the exception of some discrete RF
500 MHz cavity is achieved by detecting the phase error components all electronic circuits are built on a printed circuit
between the drive signal and the cavity probe signal. The error board with a ground plane. Figure 2 is a photograph of the
signal is amplified and used to drive a stepping motor which in component layout of the module which is a standard 19" rack
turn moves a metallic cylinder in or out of the cavity to mount unit. Figure 3 is a photograph of the front panel of the
achieve tuning. module which shows practically all of the functions the system

is capable of performing.
I. INTRODUCTION

There is one cavityll) in the Booster and two in the
Storage Ring. The tuning of each of these cavities is controlled
by a Phase Servo Tuner Control Module. The tuner, a metallic
cylinder, is driven by a five phase stepping motor, which in
turn is driven by a driver. The driver accepts a bipolar input
signal derived from a phase detector in the Phase Servo Tuner
Control Module. The amplitude and the polarity of the signal
determines the speed and the direction of rotation of the motor.
The resolution of the stepping motor is 0.5 degree of rotation
per step.

,,M arm ,m,•_ CBB 9210-8838

• '• • •Figure 2. Component layout of the Module.Iwnsn smILA

Lam

OPIUM 
MI T V01 

49~

CBB 9210-8838

-am ~Figure 2. Comonet layou of the module.

wt a& ,sm0

the . tImiml tt ip x y0
CBB 92 10-8852

Figure 3. Front view of the module.

XBL 934-536 11. TUNER POSITION CONTROLS

Figure 1. Block diagram of the control module. The tuner position can be set either locally or remotely by
the ILC. The total travel of the tuner is approximately 10 cm.

*Supported under the U.S. DOE Contract No. DE-AC03- A pot attached to the tuner provides the feedback signal for the

76SF00098. control module. The two electronic limit switches of the tuner
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down the drive to the motor below 20% and above 80% of the The signal input port of the phase detector is used as the
travel. Should one of these switches be activated a drive signal reference signal port and the local oscillator input port is used
for the other direction is able to put the tuner back in the as the RF signal port. The reference signal level for this
normal operating range. The two mechanical limit switches in measurement was +5 dBm. The resolution of the phase
the tuner provide additional insurance to protect the tuner from detector is approximately 7 mV per degree. With the proper
ramming the end points of the travel. If for any reason one of amplification of this error signal matching the resolution of the
these mechanical switches is activated the tuner can be servo driver of the tuner, tuning resolution of approximately
restored to the operating range by two push button switches 0.1 degree is achieved. The tuning error of the tuning system at
together with a logic circuit. the nominal operating power level is of the same order as the

A pretuned position setting has also been implemented r3 tuning resolution. Therefore, the over all worst case phase
bring the tuner back to the tuned position at any time by error should still be better than 0.25 degree. The tuner servo
activating the pretuned switch. This is particularly useful in motor tuning rate is 114Ktlz per second, therefore an 11l.4K!lz
cases where the tuner is at some arbitrary position during an detuning would require 0.1 second to get the cavity back in
interrupted operation. tune. The dynamic operating range without adjusting any

attenuation in both signal paths is approximately 23 dB,
ILL. TUNING THE CAVITY whereas the phase detection range is +/- 90 degrees. Both

parameters have been shown to be quite adequate in day to day
A reference signal and a RF sample signal from the cavity operation.

are required to produce a tuner correction signal with a phase
detector. A double balanced mixer is used as the phase IV. PHASE DETUNING OF CAVITY
detector. In the reference signal path, a mechanical and an
electronic phase shifter together with an attenuator are put in An electronic phase shifter is used to adjust the phase of
series for phase and amplitude offset and adjustment purposes. the reference signal in the case of closed loop operation either
The RF signal for the signal port is derived from the cavity to fine tune the phase detector or to detune the cavity by
monitor. Again, proper attenuators are used to bring the signal offsetting the tuner to resonate the cavity at a lower frequency
level down to a range of +3dBm to +20dBm with the nominal by approximately 10 KHz. The detuning is used mainly to
level center around + 13dBm at the signal input ports of the counteract instability due to beam loading. Figure 5 shows the
phase detector. A transfer function of the phase error and the typical detuned phase angle and detuned frequency as
DC output voltage from the phase detector is given in figure 4. functions of the detune bias voltage of the servo control

modules. The detuned phase angle transfer function was
measured by observing the phase angle between the waveguide

I I ge signal and the cavity signal while changing the detune bias.

.3

-- - - .~ _ -- , .

L / U

"L " -+5 " 1 00"- 7-/

DI 9- ------ . --EM 9 I

Figure 4. Transfer function of the phase detector. Figure 5. Transfer functions of the detuned phase angle and
detuned frequency.
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The detuned frequency is calculated by the following
expression:

Af = X fo
Q

where Af = detuned frequency
a = a constant obtained from the

Universal resonance curve[3]
Q = Q of the cavity
fo = resonant frequency

The two cavities in the storage ring have been operating
with a detune bias voltage of approximately OAV. The Q of
the cavity is approximately 45,000.

The best operating range of the phase shifter is used by
selecting the proper bias voltage range. The local phase bias is
set at the mid range of the phase shifter to provide enough
room on both sides for the phase detune to work properly.
Hlowever, under normal operation, the phase angle only needs
to be detuned to the lower frequency side. Because the phase
shifters used in the servo control modules have different
transfer functions, variations in detune voltages from different
modules should be expected.

V. CONCLUSION

One Phase Servo Tuner Controller Module has been
operating in the cavity test stand for over two years, one in the
Booster Ring for over a year, and two have been in operation
in the Storage Ring for a couple of months. All four units have
been performing well. Network analyzers with Polar displays
have been used to monitor the operation of the storage ring
cavities. At the time of the writing of this report, the capability
of computer tuning of the cavities has not been implemented.
Operating experience will tell whether this procedure will be
necessary.
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The Low Level System for the ELETTRA RF Plants

A. Massarotti
Sincrotrone Trieste and Dipar. di Fisica, Universita' di Trieste

G. D'Auria, A. Fabris, C. Pasotti, V. Rizzi, C. Rossi, M. Svandrlik
Sincrotrone Trieste, Padriciano 99

34012 Trieste, Italy

Abstract

The four RF plants of the ELETrRA storage ring are The complete set of these control loops has been built and
driven by the reference RF signal derived from the machine each one has been deeply tested. The final tests of the fast
master oscillator. Each RF plant will operate with three active phase feedback loop and the detailed study of cross talk
loops controlling the tuning of the cavity and the phase and interaction among the different loops will be performed in the
amplitude of the gap voltage. The complete feedback loops are very next months.
described here and the results of bench tests are given. We give here a list of typical response times and regulation

accuracis.
1. INTRODUCTION

A mechanical tuning loop, a fast phase loop and an 2. MECHANICAL TUNING LOOP
amplitude loop will ensure the required stability condition for The structural description of the loop is shown in fig. 2
the ELETITRA cavities operation. In the following sketch a and its operational behavior has been described [I].
general layout of the logical allocation of the control loops is

RFINgiven FROM LOW LEVEL * a'
OISTR DUTION

S-=4 MECHANICALPAE
(RS232) > COTOR PHASE

CONTROLH SHIFTER

FROM I?=LOW PASS
CAVITY HIGH SPEED FI I FLTERAMPLITUDE 4:

CONTROLLER I -'-

I - F
L A V T O T NEI I CONTROL

ROOM

COUPLERMOTOR CIRCUy STATUS A
TRESHOWD INTERLOCK
DETECTOR

CVTHIHSEDENABLINGI

CNOLRI 
CONRO

OL'WUT

To memwwwn AUTO

N• Fig. 2 Block diagram of the mechanical tuning loop

The cavity tuning, which is obtained changing the axial
TO CVITVlength of the cavity [2], can be controlled both manually and

Fig. 1 Block diagram of the RF plant control loops

1145



automatically. The working conditions of the loop are wavelength resonant coaxial line properly connected to a
remotely transferred to the control room. circulator has been selected (see fig. 4).

The velocity of the loop has been raised to a correction This configuration has shown a satisfactory constant RF
speed of 500 Hz/sec with respect to the previous design ( 200 attenuation in the range of operation, which is ±20 degree, as
Hz/sec ), in order to ensure a proper tuning control during the it can be seen from the table 1. Moreover the phase variation
RF plant start up procedure and to avoid interaction with the speed has been improved and the amplitude modulation of the
temperature control loop. radiofrequency signal has been prevented.

3. FAST PHASE LOOP Table 1

A block diagram of the fast phase loop is shown in fig. 3. Phase shifter characteristics

_M___ P u Dephasing (degrees) Attenuation (dB)
21.3 - 1.40
15.5 - 1.44

8.9 - 1.48
4.5 - 1.51
0 -1.53

-3.1 - 1.54
- 7.5 - 1.57

- 12.1 - 1.59
- 16.8 - 1.61

JRA_ -22.1 - 1.63

The preliminary bench measurements have reported an
open loop gain of about 30 dB with a phase margin of more
than 50 degrees.

Fig.~tt 3 Block diara ofth fs paslo
E M 1 50 mW.

Fig. Schmati draing f lie tye phse sifte

Fig. 3 Block diagram of the fast phase loop 
itd loo

1 VI

Fig. 4 Schematic drawing of line type phase shifter

After some unsatisfactory tests on avaiable commercial Fig.5 Block diagram of the amplitude loop

phase shifter it has been decided to develope a line type phase
shifter. According to this, a phase shifter based on a quarter

1146



4. AMPLITUDE LOOP

In fig. 5 a definitive sketch of the cavity voltage amplitude--
loop is shown.

The rectified signal from the cavity should be connected _ .
through a long distance cable to the regulating chain. ToI
overcome this problem, an impedance matching circuit driving 12----

a 100 fQ low attenuation cable has been used. The signal error
between the cavity voltage and the reference analog input L ....
drives a commercial variable attenuator to set the RF [.
attenuation to the proper value by means of an amplifier with - -.-.... LC
voltage gain of 50.

The variable attenuator provides the fine regulation of the - ....-
signal amplitude. This device has been tested. The attenuation
resolution of this device at 20 dBm of RF input power is 0.05 -- -- I ----4
dB in the range of 30 dB. Its phase variation in the full range
of attenuation is better than ±1.5 degree. --

CHI =51mV -CH2=-V d
AC P*IO AC P*I _

-- Fig. 6 Waveform 2: modulating signal

-2waveform la: feedback signal- imp. matcher input
2 waveform lb: error signal - RF rectifier output

waveform Ic: DC level of the modulated signal
RF rectifier output

RISE : In the scope plots ( fig. 6 ) the response of the feedback

MA I FAL 3%sloop to 20 % amplitude modulated signal by a square wave
-n•" - modulation is shown. Similar results can be obtained in the•N] _2: __ PER! 0:

A -- ... -- tWID H: - - presence of a phase modulation.lt "lT -- ---- -W 1P N . .

, .As can be seen the typical response time is about 50 psec
-____.----------d.•..,with a precision of the regulated value beUer than 0.6%.

I ' I 5. CONCLUSION

The reliable and efficient operation of the different loops,
___i- , .which we consider satisfactory, cannot be separated from the

:FtI F , completeRFplantcharacteristics, in order to have an efficient
control of the whole RF cavity parameters. For this reason the

,___ : , ,definitive parameter configuration of the ELETTRA RF low
!A- 2 level system will be set after the tests on the whole system

i ~will be performned.

2 + -i- IC en 6. REFERENCES
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A Pulse Sequencer for the KAON Factory Beam Chopper

G. Waters, D. Bishop, M.J. Barnes, G.D. Wait
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Abstract to switch on and off. These gaps are produced using an
electric kicker [I] operating at up to 15kV. This beam

The beam chopper consists of a low-loss transmission line chopper is required to remove 2 and 3 beam bursts
center fed from a tetrode. The transmission line is alternatively at approximately Ips intervals.
terminated with a short-circuit at one end and an open-circuit Within the cyclotron the pulse period is 43.5ns. Each pulse
deflector plate at the other end. The complex reflections from has a width of 2.4ns with approximately 2.4ns of jitter. This
the open-circuited and short-circuited ends allow a single results in an effective time between beam bursts of about
tetrode to generate a deflector pulse with good rise ar.d fall 39ns. Therefore to remove two and three beam bursts the
times. The shape of the pulse at the deflector plate is chopper pulses must be 48ns and 92ns alternatively with a
extremely sensitive to the frequency of the grid driver pulse. rise and fall time of less than 39ns. In the final design the
A variation of Ins in timing significantly alters the deflector repetition rate will be 1.022 MHz.
pulse. To provide the required pulse pattern, a FET based grid In the prototype, which operates at 1.9MHz, the electrical
pulser and sequencer has been built. This sequencer is able to pulses that produce this field are stored in a low-loss
produce alternating narrow and wide 900 volt grid pulses with transmission line. One end of the transmission line is
rise and fall times of 20ns. Under computer supervision terminated with the open-circuit deflector plates while the
it is dble to generate and control pulse patterns with a stability other is terminated with a short-circuit (see fig 1). The one
of ±125 ps. The pulse pattern is synchronized to an RF way propagation delay from the open-circuit to short-circuit,
synthesizer to simulate operation with the 23 MHz TRIUMF is about I ps. A type CYI 170J 75kW tetrode [41 whose
cyclotron RF system. cathode is at a high negative voltage (-15kV) is utilized to

center feed the transmission line. A separate paper at this
I. INTRODUCTION conference [2] reports on the status of this devices. The

complex reflections from the open-circuited and
Kicker magnets will be required for ring-to-ring transfers in short-circuited ends allow a single tetrode to function both

the KAON factory synchrotron at TRIUMF. The cylotron will as a charger and as a clipper depending upon the polarity of
be used as an injector for the synchrotron. To prevent beam the reflected pulses. This is illustrated in the lattice diagram
spill at the transfer points, gaps must be introduced into the (figure 2). A narrow charger pulse, after two reflections,
injected beam of sufficient duration to allow the kicker magnets appears at the tetrode with a positive amplitude. By triggering

the tube at the trailing edge of this pulse it can be
effectively clipped. A second (wide) charger pulse is

50 OHM launched shortly after and is clipped in a similar manner by
DEFLECTOR TRANSMISSION

PLATES LINE clip pulse number two fig 3). When, after five reflections,

TIME

OPEN CIRCUIT
TETRODE

POER SPL
PLC pp~

GRID SRE
POWER F? FIT Pay FIT IPOWER I~%.... ..................... SUPPL. .LFtl FU M89. SPKP,

"/'"R I t) T TPl *

S~~~~ IiI S I II

f h ,,......................./I II..... ,,'
"YR1ORT CIRCUIT

Figure 1 Beam Chopper Figure 2 Lattice Diagram
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the narrow (or wide) pulses add as a single negative pulse the width selection (fig 4). An additional delay line provides fine
tetrode is triggered to restore the leading edge. adjustment of the clip pulse timing. Alternating narrow and

The quality of the pulse within the center fed transmission line wide pulses are selected by switching between the two sets
is extremely sensitive to the timing of the grid pulse. A variation of latches (charger widths groups I and 2 in fig 4) using
of Ins in the one way cable delay can typically cause a 10-15ns strobe pulses generated by the state machine. There are two
variation in the rise or fall time of the stored pulse. To meet charger and two clipper channels (A and B). The timing and
these stringent requirements we built a precision 23MHz grid width of each channel may be independently adjusted to
pulser driven from a synthesizer to simulate the TRIUMF facilitate pulse shape adjustments and to minimize over-swing
cyclotron main RF. on the trailing edge of the stored pulse. The pulses are

To drive the tetrode grid, reprogrammable PALs and muliplexed and transmitted by four 100Mb/s optical fibre
programmable delay line were used to produce pulse sequences links to the FET pulser units.
of arbitrary duty cycle and repetition rate. The sequencer output
was connected to a FET based grid pulser (fig 1) using fibre
optics to give the required high voltage isolation and good chargel charge2

noise immunity.
clip2 clipl

II. HARDWARE
A. Sequencer tetrode

The chopper specifications require that alternating narrow _ ___

(48ns) and wide (92ns) pulses appear at the deflector plates with 2 20 3 2 20 3

a repeating pattern corresponding to 45 beam burst [2]. The Fig 3 Sequencer output
interval between the narrow and wide pulses must correspond to
20 beam bursts (fig 3). Two programmable logic array devices B. FET Pulser
(PAL16V8) were employed as a counter and state machine to
generate the correct sequence of timing and strobe pulses. Clock This device is built around a DEI 150FPS 1 kV mosfet driver
pulses for the counter are derived from the cyclotron 23Mhz [3]. It is capable of driving high voltage FETs at frequencies
main RF system. Precision programmable delay lines (AD9501) up to 25MHz with pulse widths of 25ns or more with rise
are used to generate pulses of variable pulse width [7]. Each times of 3-5 ns. Each channel has two DEI pulser units
delay line has associated with it two 8-bit latches for pulse connected in parallel for a total of eight. The FETs operate

COMPUTER INTERFACE

CHAGE HARE CHARGE CHARGE CLIP CLIP CLIP CLIP CLIP CUP CU CLIP

WDHWDH WIDTH WIDTH WIDTH WIDTH W.ID~ WIDTH DELAY DELAY DELAI DELVAY
P A A 9 9 A A B 9 A A U a

uGOPIGOP2 GROUP I GROUP 2 GROUPI I GROUP 2 GROUP I GROUP 2 GROWUP I GROUP 2 GOUP I GROUP 2

S
E

PRECISION PREI SION PRECISION PRECISION
S ONE SHOT ONE SHOT ONEPSNOT ONE SHOT
E
a
U CLIP A

CHANN L CH NNELCHANEL

N PERONA COPUE

DRVE DRIVER DRLIPEER DRIVER t II intERFACE O COPE

Figure 4 Block Diagram of the Grid Pulse Sequencer
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with a common but variable source voltage to a maximum of - pulsers and the number of clip delays in order to improve the
600 volts. In addition the drain voltage of each of the units can control of the inter-pulse ripple.
be variable or fixed at ground. Each of the four channels is
connected to a summing point close to the grid with one of four B. Computer
75 ohm coaxial cables. The pulse multiplexer (see fig 4) and
the eight FET pulser units allow us to produce a versatile Although adequate in a development environment a PC
composite grid pulse at the control grid of the tetrode. does not represent a good choice for an operational system.

An integral part of the chopper test stand is a PC-AT. This is We are currently developing an intelligent controller for
used for a variety of applications including programming the applications in embedded systems. The controller is a single-
PLC used in the safety interlock system [5]. We therefore board module in a Euro-card format based on a Motorola
integrated the pulser controls by designing the pulser module as MC68332 microcontroller. An onboard Ethernet interface will
a PC card. The PC interface allows the pulse widths and timing allow software downloading and remote device control. Also
to be placed under software control. Also included is a register included are 8 A-D channels, 8 D-A channels, 48 bits of
to monitor the state of an external interlock. digital I/O and 2 serial ports. The controller is designed to

function as a VME slave device. Enough EPROM capacity
III SOFTWARE will be included to hold large standalone application

software including the VxWorks kernel [7]. We plan to
The software is written in the C language and compiled with the redesign the pulser module as an expansion board to this
Borland C compiler and executes under DOS. Upon startup the controller.
pulse widths default to a minimum with all four pulser channels
off. A simple user interface (see fig 5) allows the operator to V REFERENCES
control all pulse width and delay settings. Function keys initiate
major system changes and the saving and restoring of settings. [i1 M.J. Barnes, D.C. Fianders, C.B. Figley, V. Rodel,
The program monitors the state of an external interlock and G.D. Wait. "A 1 MHz Beam Chopper for the KAON
uses it to disable the pulser if the high voltage power supply is factory", Proceedings of European Particle Accelerator
off while the filament is on. This is necessary to protect the Conference, 1990
screen grid. The status of the pulser and external interlock is
displayed on the computer screen. [21 G.D. Wait, M. Barnes, D. Bishop, G.Waters "Interleaved

Wide and Narrow Pulses for the KAON Factory Beam

Chopper" Proceedings of this Conference.
Narrow pulse setting, Channel Al Channel B1 Channel Cl Channel Dl

Ch hr sa 1 255 Chrgl * MB " ' te Cre hih .... 1... I ... . [3] Direct Energy,Inc, 2301 Research Blvd.,Ste. 101, FortCharger wtidth 2 0 Char2 .BChar2 DIIS

Clipper .1d th 1 0 19911 Ne i i
Clipper wid 2 39 Cllp2Collins, Colorado 80526.
Clipper de.ay 1 255
Clipper delay 2 255 ONON

Wide pulse setting, Channel Al Channel BI Channel Cl Channel 01 [4] English Electric Valve Co. Ltd., Chelmsford, Essex, UK.
C ipper wIdth 1 49 Chrgl ENB Chrgl EN Chrel DIS
Clipper width 2Char2 'Ni Cha2 DIS
Clipper width 1 ,, t Cl2 44ipI thi [51 G. Waters, D. Bishop, M.J. Barnes, G.D. Wait. "Controls

Clpper dlelay 1 36 11 1
Clipper dly 2J6 ON . . and Interlocks for a Prototype IMHz Beam Chopper",ILoading a..tup file .ett....def Proceedings of 1991 IEEE Particle Accelerator
Las aetup before exit. SONTi OS
Sgoe Apr 26 4!24ý23 193 E dJ Conference, San Francisco, California.
Done INTLP OK

.Fl= OFF, .F2=SEQU ON, <F3=SAVE, .F4=LOAD, F6 DOS - F I T

Fig 5 Pulser Control Screen [6] Wind River Systems, 1010 Atlantic Ave, Alemeda,
California 94501.

IV FUTURE DEVELOPMENT [7] Analogue Devices, One Technology Way, P.O Box 9106,

A. Pulser Norwood, MA 02062-9106.

The current mode of operation is open loop thus we have no
control over long term drift. A timing shift relative to a master
trigger is not a major concern since in a sense the chopper is the
master trigger for KAON. However, as already described, drift
in the clipper timing can have a major effect on the shape of the
chopper pulse. This can manifest itself as a change in the DC
level of the inter-pulse region. We plan to add a gated ADC to
detect this level and use the signal to adjust the settings. In the
final design we may need to double the number of parallel FET
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A Dual Frequency Resonator

P. Lanz, M. Lipnicky, M. Zach
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. V6T 2A3

Abstract diameter of the dees and extend radially. A layout using
A dual frequency resonator system operating at 74/37 the former arrangement is shown schematically in Fig. 1.MHz and using nested coaxial conductors for the dee where the position of the shorting plungers for switching

stems adinga pron/destedn c toaa c ronductior fyotron tbetween the high/low frequency modes is indicated in the
stems in a proton/deuteron isotope production basclto left/right halves of the symmetrical system.

is described. The design alternatives are discussed, basic lf/ih avso h ymtia ytm
is dscrbed.Thedesin aterativs ae dicusedThe operation at the high frequency is shown in Fig.

computations presented, and compared with results from 2. og er w t the hegr field istiu on in by

model measurements. 2. together with the the rf field distribution obtained by
SUPERFISH. The moveable shorting plane is also used for

I. INTRODUCTION frequency adjustments in a broad range of frequencies.
At the low frequency the overall length of the stems that

Cyclotrons for production of isotopes used in medical resonate with the capacity of the same dees is substantially
and pharmaceutical applications typically deliver proton shortened by folding the outer conductor by 1800, and us-
beams at low to medium energies. In recent years a need ing both surfaces of the intermediate cylinder as rf field
for deuteron beams at corresponding energies and lower boundaries. InI Fig. 2. is the schematic arrangement and
beam intensities was expressed. The 2/1 mass ratio allows the field distribution.
acceleration of both particles in one dee system by selecting A second possible solution is shown in Fig. 3. where the
the appropriate harmonic number. All available options operation at the higher frequency is confined to the inner
require changes either to the magnetic field or to the rf volume between the cylinders. The switching and tuning
frequency when switching between modes. arrangement is analogous to the one in Fig. 2.

For reasons of economy, small size, and ease of oper-
ation, isotope producing cyclotrons are built as fully au- 74Hz 37 MHz

tomated compact units. A cyclotron with these features
(TR30/15), built by Ebco Technologies Ltd. of Vancouver
with the design and technical assistance from TRIUMF,
is at this time undergoing final acceptance tests at INEW DEE DEES
in Taiwan. The dees of this cyclotron are operated at 74 DEL

MHz/50 kV for If-, and at 37 MlIz/25 kV for D- accel-
eration. A description of the design options and consider-
ations leading to the chosen concept is in (Ref. [1]). This
paper deals with one of the options, namely the 'folded line
configuration', in more detail.CPCTOR I 11r

II. FOLDED LINE CONCEPTS Fig. 1. Resonator layout.

In most cyclotrons the rf resonator system must. be lo-
cated within a very limited space not to adversely affect the
stringent requirements on the magnetic field. This limita-
tion is even more severe with compact cyclotrons where the
overall dimensions are minimized as possible. Resonators
operating at low frequencies become long, and the mech-
anism for switching between frequencies further increases
the length. For low operating costs the power dissipated in
the rf system must be minimized, and since the skin losses
per unit area are highest in the stems and shorting p)lanes,
the characteristic impedance of these line sections should
be maximized. This requirement is usually in conflict wvith,
the permitted tolerances on the magnetic field. -

The stems of the resonator can be either perlpwndicu- C
lar to the cyclotron beam plane or attached to the outer - -

*Institute of Nuclear Energy Research, Taiwan, Republic of China. Fig. 2. Iligh/low frequency modes.
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The rf power dissipated in the folded transmission line is

2 P + sin 2,3l + -- 4 231 + sin 231) t (5)

where R, and R2 are the distributed line resistances.

. • The above equations were tested by measurements on
c physical models and by SUPERFISH. There the accuracy

' 'is mostly affected by modelling the simplified dee which
for the code has to be represented iii axial symmetry as
opposed to a true 3-D case.

C

IV. MODEL MEASUREMENTS

C I "The measurements were taken on a simple 1:1 wooden,
_a___copper-clad model, as in Fig 2.

With conductor radii of 10/5.1/3 cm the line impedances
were Z, = 40 Q, Z, = 32 Q. Measured values are in

Fig. 3. Alternative concept. Table 1.

The choice of the best concept for given boundary coil- Table 1. Data measured on model.
ditions depends mainly on the space available for the res-
onator system, the amplitude of rf voltage at both fre- Measured: A B
quencies, and which mode of operation will be prevailing Frequency f [MHz] 73.7 36.8
in production runs. The designer will then optimize the Stem length 1r [cm] 39.0 2 x 70.5
cavity dimensions within the available space. The power Voltagel V, [kV] 23.2 38.0
loss in the system is strongly affected by the characteristic $AD quantities are normalized to dee voltage equal to 50 kV at 74

impedance of the coaxial sections which in turn depends MHz and 25 kV at 37 MHz.
on the radial dimensions. A comparison below illustrates
the effects of individual parameters for the two configura- From tie above results the relevant system parameters
tions, and it could serve as a guide when selecting a real Frompte above resultte ant te r ameterssystem.are computed at both frequencies, and the results summa-
system. rized in Table 2.

III. BASIC THEORY Table 2. Results computed from measurements.

For a shorted transmission line of characteristic
impedance Z and length 1, which is used to resonate the Current at short Power§

equivalent dee capacity C (capacitively loaded A/4 res- [A) [kW]
onator) the following equations apply (high frequency ap- 74 MHz analytically 1564 4.60
proximation, dielectric losses -- 0): SUPERFISH 1480 4.30

37 MHz analytically 747 3.40

C = 1 (1) SUPERFISH 754 3.45
WZtg'3l §Shorting plate not included.

Z = 601n(D/d), and #3 is the phase factor.
When two transmission lines are used in series with char- The analytic treatment of the problem yields sufficiently

acteristic impedances Z, and Z2 of corresponding lengths accurate results for the design of a folded stem accelerating
11 and 12 (Fig. 4), resonance occurs when system.

1 Zltgflil + Z2 tg312  V. COMPARISON OF CONCEPTS

:;C 1 - tgZ tgi2 (2)
Z2 /Assume a dual frequency acceleration system with a

For the folded transmission line 11 - 12, and neglecting the limit of 200 mm on the outer conductor (I.D.), dee ca-
wall thickness of the intermediate conductor we have pacity 74 pF, operating at 36.8 and 73.7 MHz.

1 ZI + Z2 (3)
w-C -1-tgf ( t Note: The values obtained from Eq 5 represent one quarter of the

power for the whole accelerating system. They do not include the
Expressing the length I from Eq. 3. power loss in the dee region and in the shorting planes, nor do they

include any losses due to imperfect contacts between rA parts. The

" • !1arctg ( Z I + Z 2 WCZ 2 ) (4) real rf loss is ;20% higher than calculated. The rf power delivered

/31kZ2 - ZI it) the beam must also be added as ohmic load.
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eters most affecting the choice would be the outer dimen-
Sis sions, and power consumption. In comparison to a system

with straight stems (Ref. [1]) in both configurations the
overall length is ;25% less, and the respective power losses

e 7 0 are about equal at the high frequency, and 20 or 50% higher
iin the low frequency mode.

VI. RESONATORS WITH MULTIPLE FOLDS

It is obvious that the idea of using nested cylindrical con-
Fig. 4. Folded line equivalent circuit. ductors can be extended to include multiple folds. For the

same diameter of the outermost conductor the resonator

At the low frequency the two concepts under comparison is then further shortened at the expense of higher power
are in Figs. 2 and 3. The equivalent circuits are the same losses. An example of such resonator with two moveable
as in Fig. 4. shorts is in Fig. 5, again showing the rf field distribution

The two configurations are schematically shown in the obtained by SUPERFISHI. Practical applications of these
corresponding sketches, and the results obtained analyt- resonators are promising, and they will be explored in the
ically for both operating frequencies are summarized in future.
Table 3.

Table 3. Comparison of concepts (Figs. 2 and 3). 
1Parameter Configuration

Fig. 2. Fig. 3.

Frequency f=73.7 MIIz; dee voltage=50 kV

Line impedance Z. [Q] 55 40

Current amplitude I. [A] 1278 1616

Power loss caic. Pc [kW] 3.9 3.7
Expected Pe [kW] 5 4.5

Frequency f=36.8 M I lz; dee voltage=25 kV

Line impedances [QŽ] Z1 =17.3 Zo=55 Z1 =30 Z0=40 Fig. 5. Line with two folds.

Current amplitudes [A] I,=637 I"=778 I'=640 I4=747 VII. REFERENCE

Power loss calc. [kW] Pc=2.1 Pc=3.3

Expected [kW] Pe=3.0 Pe=4.0 [1] NI. Eiche, K.L. Erdman, P. Lanz, M. Lipnicki, and M.

Note: For the complete system the power loss is multiplied by fiur. Zach, Dual frequency resonator system for a compact
cyclotron, Proc. XIII Intern. Conf. on Cyclotrons and

The results show that both configurations represent vi- Their Applications, (World Scientific, Singapore, 1992)

able design options. The difference in the capital cost of p. 515.

both variants will be of little importance, and the param-
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The Los Alamos VXI-Based Modular RF Control System*

S. P. Jachim, C. Ziomek, E. F. Natter, A. H. Regan, J. Hill, L. Eaton,
W. D. Gutscher, M. Curtin, P. Denney, E. Hansberry, T. Brooks

MS-H827, Los Alamos National Laboratory, Los Alamos, NM 87545

To achieve this level of regulation and to ensure efficient
Abstract RF power transfer to the cavity, the resonant frequency of the

This paper describes the design and implementation of the accelerator cavity must be maintained within prescribed
Los Alamos modular RF control system, which provides high- limits. A regulation tolerance of ±20 was chosen as an
performance feedback and/or feedforward control of RF objective for the cavity reflection coefficient phase on GTA.
accelerator cavities. This is a flexible, modular control system
that has been realized in the industry-standard VXI card- System Architecture
modular format. A wide spectrum of system functionality can
be accommodated simply by incorporating only those modules Figure 1 illustrates the essential aspects of the LANL RF
and features required for a particular application. The control-system architecture as applied to a particular
fundamental principles of the design approach are discussed. accelerating cavity [2,3]. A sample of the cavity field is
Details of the VXI implementation are given, including the downconverted to a 20 MHz IF signal and synchronously
system architecture and interfaces, performance capabilities, detected against the RF reference signal. The in-phase (I) and
and available features. quadrature-phase (Q) components of this detected signal are

compared to their respective commanded values, or setpoints.

Introduction

The AT-5 group at Los Alamos National Laboratory u •
(LANL) is developing the RE system for the Ground Test Wm c
Accelerator (GTA), including the RF control system, which is
the topic of this paper. The GTA Program is a development
vehicle for Neutral Particle Beam (NPB) physics and s +
technology.

Because GTA operates at several different harmonically-
related frequencies using various power amplifier
technologies, a decision was made early on to pursue a
modular RF control-system architecture. This architecture is Figure 1. LANL RF control system architecture.
designed to be independent of RF frequency, power level, and The difference between the detected components and their
type of accelerating structure. This approach has proven setpoints produces an error vector. Proportional, integral, and
successful on GTA and has allowed the same hardware to be differential (PID) closed-loop control actions are then derived
used in a wide variety of other accelerator applications from this error vector, producing a control vector. An open-
worldwide. loop control vector can optionally be generated at the

The first LANL VME Extensions for Instrumentation beginning of the acceleration cycle to fill the cavity in a
(VXI) module was designed and built in 1989, and the fourth programmed manner.
complete control system began operating for GTA in 1992. A vector modulator translates the control vector to a 20
Additionally, four other systems have been installed and are MHz IF carrier, which is subsequently upconverted back to
operating at various other institutions. In all, more than 200 C- the original RF frequency. This RF control vector is applied
size VXI modules have been built to date. to a high-power amplifier (HPA) whose output is an RF cavity

drive vector, thus closing the feedback loop.
System Requirements The RF control system is partitioned into several

The primary purpose of an RF control system is to tightly functional VXI modules as shown in Figure 2. The modules
regulate the RF field in an accelerator cavity [1]. This with solid outlines constitute the basic RF control system. The
regulation must be maintained in the presence of variations in modules with dashed outlines are optional system components
the accelerator system parameters, such as cavity resonant and can be incorporated as desired to enhance the performance
frequency, beam current, and power-amplifier performance. of the basic control system. The Beam Feedforward Module
The design objective for field regulation tolerance in the GTA estimates the beam loading disturbance and applies
RF control system is ±0.5% in amplitude and ±0.50 in phase. appropriate feedforward signals to minimize field
This applies for beam loading conditions up to 80%. perturbations. The Control Predistorter Module provides

dynamic decoupling of the I and Q control rails, which are
cross-coupled by the cavity. The Adaptive Feedforward

*Work supported and funded by the US Department of Defense, Module measures, integrates, and corrects repetitive loop
Army Space and Strategic Defense Command, under the auspices of disturbances in a pulsed RF system. Details of these optional
the US Department of Energy. modules can be found elsewhere [2-61.
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G- -- -- 4Hardware Realization

CAN T." * H, A The VXI standard [fIl, which emerged in the 1988-89
•- -time frame, was developed by a consortium of leading

instrument manufacturers. This standard builds on, and is
S• compatible with, the ubiquitous and powerful VME standard,

=OEM" F,--,• producing a robust card-modular medium capable of
"supporting high-performance analog, digital, and microwave

1CM) Linstruments. The design of the RF control system commenced
in this time period, and VXI was chosen as the packaging

L -= -- ft WA medium. VXI held the promise of not only supporting the
needs of the RF control hardware, but also of fitting
"seamlessly into the GTA computer control system, it being of
a VMvE-based distributed architecture.

Figure 2. VXI modular implementation.
The promise of VXI has held true in practice. Most of the

Feedback control is also employed to regulate the RF control modules have been, of necessity, designed in-
resonant frequency of the cavity [7,8]. As shown in Figure 3, house. In all cases, adherence to the VXI standard has been
this is achieved by detecting the forward- and reverse- maintained. Several commercial VME cards, such as a 68020-
traveling waves in the cavity drive line, computing the based processor and an Ethernet~m interface card, had already
complex reflection coefficient of the cavity, and taking been integrated into the computer control system. These VME
corrective feedback action by applying a control signal to a modules were directly embedded in the VXI RF control
mechanical cavity tuner. Accuracy is assured by calibration system and integrated together without significant difficulty.
and vector error correction [9]. All computations for this
process are performed in software, and the feedback loop is Figure 4 shows a conceptual layout of a typical LANL
closed through a virtual network connection to the tuner VXI module. Details of the register-based VXI interface can
actuator. be found elsewhere [12]. All timing and signal conversion

functions are distributed down to the module level. A 10 MHz
clock and a synchronizing trigger are broadcast to all modules

H1A S ix-Pon C"° on the VXI backplane. Counters on each module's interface
Cuvot, circuit count down from preloaded register values and provide

on-board timing signals. As needed, A/D and D/A converters
are provided on each module. Signal sampling is triggered by
the on-board timing signals, which are under software control.

Module This approach greatly simplifies system integration and
configuration management. Because the number of connectors
and cables in the system has been minimized, reliability isimproved.

ECbedded Slepping-Motor
CPU eanioaigftntrhm dty W & a anrm"y

Figure 3. Resonance control system.II

Several ancillary functions are assigned to the RF control I ' I
system as well. Measurements of various RF signal I I .
amplitudes in the system, such as the cavity field amplitude I I
and drive, are supported with Envelope Detector Modules. I I I I I I
These modules sample and quantize each of eight RF input
signals once per RF pulse. F--- -------- ---

The RF system associated with each cavity is sequenced ....jl-
and timed by the RF control system. This function is 1 I
performed in the Upconverter Module, which sends two l I
independent optical timing signals to the HPA.

The RF system, like the rest of the accelerator, is required ---- - --- --

to operate remotely under complete automation. Thus, N
supervisory computer control, data acquisition, and remote ,F a• . ,.

signal monitoring are implemented in the GTA RF control Figure 4. Conceptual VX1 module layout.
system. All relevant RF control system parameters are
writeable and readable through the GTA database, and all Analog, digital, and mixed-signal circuits are judiciously
control functions are integrated and operated through combined on the LANL VXI printed circuit (PC) boards. The
Experimental Physics and Industrial Control System (EPICS) structure of these PC boards ranges from 2 to 10 layers,
control screens [10]. depending on the complexity of the application. Sensitive RF
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and microwave circuits are housed in traditional-style metal LANL modules, with upgraded signal acquisition speeds, for
enclosures and mounted on their respective VXI machine control and diagnostics.
motherboards. Figure 5 shows a typical design, in this case an
8-channel RF Envelope Detector Module. Pulsed RF signals Summary
are applied to the front-panel connectors, and digitized
samples are readable in the module's VXI registers. The LANL VXI RF control system has been successfully

applied not only to its original target, GTA, but also to various
other machines. This validates the original design goals of a
high-performance, modular, generic control system.
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Abstract TABLE II. TWELFTH HARMONIC PARAMETER LIST

This paperdescribes the proposed low-level rf system of the Frequency 117.3101 MHz

positron accumulator ring (PAR), the injector synchrotron, and Harmonic Number 12

the storage ring of the 7-GeV Advanced Photon Source. Four Peak Voltage 30 kV

rf systems are described since the PAR consists of a fundamental Power 1.82 kW

frequency system at 9.8 MHz and a harmonic system at 117 Cavity Type W/2 coaxial

MHz. A block diagram of an accelerating unit is shown and Number of Cavities 1

descriptions of various control loops are made (including ampli- Cavity Tuning Electronic and

tude control, phase control, and cavity tuning control). Also, a Mechanical

brief overview of the computer interface is given. Control Loop Bandwidth 10 kHz
Transit Time (2Q/w) 68 pas
Phase Detector Resolution 1.0 degrees

I. POSITRON ACCUMULATOR RING (PAR) 11 7-MHz System

There are two rf systems in the PAR. One operates at 9.8 The cavity is electronically adjusted during operation of the

Miz to collect the linac: pulses, and a second operates at 118 9.8-MHz cavity so as not to interact with the beam, since only

MHz for the last 100 ms of the 2-Hz injection cycle to bunch the the fundamental cavity is used during accumulation.
A 2-kW amplifier is located outside the shield wall, and the

beam until excraction. Each system consists of one cavity, one cavity is powered via coaxial cable. Resistive loading is included
rfamplifier, and associated control circuitry. The control system by using a stainless steel cavity. The rf power is then equal to the
also synchronizes operation with the linac during injection and beam power giving a maximum detuning of 45 degrees. If rf
with the synchrotron during extraction, feedback is needed, this amplifier could be mounted on the cavity

to minimize phase delay at 117 MHz. [1]
TABLE 1. FUNDAMENTAL PARAMETER LIST When the cavity is switched from a passive (imitating a

Frequency 9.77584 Mz beam pipe) to an active state, beam loading is rapid. A fast tuning
Harmonic Number I and voltage control system, including feed-forward techniques,
HearmVonict ber 10 kis used, and large induced voltages are avoided with pro-
Peak Voltage 40 kV

Power 4.7 kW grammed tuning. The amount of circulating beam controls the

Cavity Type Cap-loaded Coaxial program signals to the power amplifier and to the tuning device,

Number of Cavities I so that as the cavity is turned on for the last 50 ms of the PAR

Cavity Tuning Electronic cycle, the accelerating voltage has the correct phase with respect
to the 9.8-MHz bucket and the power amplifier sees a real load.Control LooT Bandwidth 10 ks Using a programmed correction signal improves the operation of

Phase Detector Resolution 1.0 degrees the cavity; thus, for a given tolerance of cavity parameters, the
feedback loop dynamic range and gain can be smaller. The

correction signal is derived from the bunch signal from the mas-

9.8-MHz System ter clock.
The if amplifier produces a 30-kV accelerating voltage.

The slow thermal tuning of the 9.8-MHz cavity will be Sinceonly,222 Watts is needed topoweracoppercavity, resistive
accomplished by a coarse tuner. A fast tuner will be accom- loading is provided via the stainless steel cavity which lowers the
plished by ferrite, shunt impedance and reduces the phase shift between beam cur-

Since beam loading is incremental, with 24 linac bunches rent and generator current. This makes the programming and
injected overa400-msperiod, a modest feedbackcontrol system feedback systems less sensitive to variations in beam loading
keeps the cavity voltage constant and the power amplifier load and increases the stability of the feedback system. Parameters
impedance real. (Control parameters are listed in Table I.) Pro- for operation are listed in Table II.
gramming of the power amplifier input voltages and fine tuning The frequency source for the PAR system is a frequency
of the cavity are included to offset the transient from each division of the 351.9-MHz storage ring frequency source. The
injected bunch. signal is first divided by 3 to generate a 117-MHz source which

is phase-shifted to allow placement into one of three buckets at
* Work supported by the U.S. Department of Energy, Office of -1200, 00, or +1200. This signal is then further divided by 12 to

Basic Sciences, under Contract No. W-31-109-ENG-38, produce the 9.8-MHz signal. Using this method, all three fre-
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quency sources are phase coherent with the storage ring fre- cavity input impedance. Since the beam loading is so small, no
quency source. de-tuning is foreseen to accommodate the "Robinson Stability"

criteria. [21 The computer then controls the offset of the two tun-

U. BOOSTER SYNCHROTRON ers of each cavity to keep it properly tuned.

The low-level system generates the rf signal to drive a klys- Waveguide Phase Shifter

tron amplifier. The synchrotron signal generator is phase-locked A mechanical waveguide phase shifter is located in the feed-
to the storage ring master oscillator. The storage ring if signal is line to the more distant pair of 5-cell cavities. This phase shifter
transmitted to the synchrotron signal generatorover phase-stabi- adjusts the if phase to be the same in both the nearer and farther
lized cable. pairs of 5-cell cavities regardless of temperature variations

The low-level system also includes the analog phase and within the building.
amplitude regulation systems that maintain the cavity rf volt- The storage ring rf signal is transmitted to the synchrotron
ages. Figure 1 shows this schematically for one of the systems over phase-stabilized coaxial cable from the rf source cabinet.
of the storage ring, and Table III lists specific parameters. This ensures phase continuity with the storage ring.

TABLE III. BOOSTER PARAMETER LIST

Frequency 351.930 MHz
Harmonic Number 432 3D

Revolution Frequency 814.3 kHz
Repetition Time 0.5 s E LL KLYSTRON dR.

Acceleration Time 0.25 s 3-CELL

Peak Voltage for 7 GeV 9.5 MV SHIT!

Injection Voltage 100 kV
Peak Power 700 kW
Cavity Type 5-cell 3

Number of Cavities 4
Cavity Tuning Dual Piston/Motor
Amplifier Klystron PHASE AND AMPLITUDE FEEDBACK

Synchrotron Frequency 21.1 kHz
Phase Detector Resolution 0.1 degrees
Dynamic Range 40 dB Volts Figure 1. Synchrotron Block Diagram

A single 1-MW klystron drives four five-cell cavities. The HI. STORAGE RING
cavities are separated into two groups of two each, on opposite The tow-tevelif system controls the amplitude and phase of
sides of the ring. The second and fourth cells are fitted with ports the rf s ystemwcontrols the amplitude andophaseuof
for the tuners which provide amplitude and phase balance. The the if signal which drives the klystron amplifier. It also includes
tuner slugs are fitted to worm gears and stepper motors which the tuning regulation that maintains each cavity's resonance
provide I inn of step resolution. A feedback system monitors the point. See Table IV for specifications.
phase difference in the cavity and adjusts the tuners in tandem to TABLE IV. STORAGE RING PARAMETER LIST
keep the cavity at the resonant frequency with +/- 0.10 Frequency 351.93 Mudrz
heating. Also, the field amplitudes in each of the two cells are Revolution Frequency 271.5 kHz
detected and the tuners are adjusted differentially to balance the Harmonic Number 1296
voltage to within +/- 1 dB. Filling Time, Multibunch 0.9 min

The klystron output is monitored and a feedback system is Filling Time, Single 2.7s
used to eliminate the power supply ripple and phase variations Cavity Type Single-cell
due to cathode voltage variations. The rf drive signal is modu- Number of Cavities 16 in 4 groups
lated in amplitude and phase. Tuning Piston/Motor

Each cell of the cavity has a field monitor. The tuner-port Amplifier v MW KTystron
cells derive the field-balance signal. The end cell fields are Number of Amplifiers 4
added in phase to derive the average cavity phase and control Number o lifie 4
both tuners in parallel. The resultant signal is compared to the Cavity Peak Voltage 6 kVSyncroton Fequncy1.96 kd-z
driving signal with a phase meter. For slow tuning, the digital Phase Detector Resolution 0.1 degrees
phase information goes to the control computer to offset the tun- Control Loop Bandwidth I kHz
ers for rf heating by varying the water temperature. For fast tun-
ing a copper tuner piston is activated by a stepping motor con- The low-level rf system consists of five different control
trolled by a servo amplifier system. The feedback loop that loops. An rf drive control loop is used to set the gap voltage
drives the tuning piston works on only the reactive element of the across the storage ring cavities. A klystron operating loop is used
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to Set the operating level of the klystron in the linearor saturation Each control loop has local operation and diagnostics as
region. A cavity tuning loop is used to keep the cavity input well as a computer bus interface for remote operation and diag-
impedance real during beam loading and rf heating. The loop nostics.
moves a tuner piston through a stepper motor which changes the The computer interface additionally monitors the operating
inductance of the cavity. A klystron phase control loop keeps the environment of the klystron, circulator, and cavity. This
output phase constant due to changes in voltage and power lev- includes water flow, air flow, temperature, and cavity vacuum,
els. A cavity phase control loop keeps the sum of the phases of and warns of "out of tolerance" operating conditions and shuts
all the cavities constant for proper synchronous phase operation. off components if necessary.

The input to each klystron amplifier driver has a computer- The computer interface will also regulate the klystron beam
controlled rf amplitude modulator and a computer-controlled voltage and current (through the modulating anode control ele-
relative phase shifter. An amplitude comparator compares the ment) to keep enough power in the klystron beam for efficient
sum of the voltages from all cavities to a reference, and adjusts conversion to rf power for different amounts of stored beam.
the rf modulator to maintain the required voltage. The phase of
the voltage developed in the cavities is compared with the refer- VI. RF SOURCE
ence, and the phase of the drive to the klystrons is adjusted to The frequency and phase of the storage ring if system affect
maintainthe beam position and energy. The main frequency source, a

The klystron power is controlled by a control loop through the bempositi aenerg.Te main freqec soura
the modulating anode system, while the klystron operating point 10-MHZ temperature-controlled oscillator, is stable to severalis maintained in the linear gain region. In this way the klystron parts in 10" with phase continuity. A stability of 107 is needed
efficiency remains optimum. [3] for storage ring operation (see Table V). The low-level rf systemTeffi caity tuminr oporti n 31.m dutilizes a direct digital synthesizer to control a phase-locked,The cavity tuner po rt has an 11.5-cm diam eter and a 6.0--cm uot g - o tol d o cfa o st e s u c o h t r g i g
travel. This results in a frequency tuning range of 1.0 MHz to voltage-controlled oscillator as the source for the storage ring.The output of this common frequency source is fed via phase-
compensate for beam loading, temperature effects, etc. The cop- Tae cltoe of th e komm on amplysue in te ste as

per plunger is activated by a stepping motor controlled by a servo stable cables to each of the scystron amplifiers in the system as

amplifier system. The feedback loop that drives the tuning piston ker agnets.

works on only the reactive element of the cavity input imped- kicker magnets.

ance. TABLE V. RF SOURCE PARAMETERS
Operating Frequency 10.0 MHz

Beam Compensation Output Frequencies 9.77 MHz
Compensation fo: the reactive component of the beam load- 117.3 MHz

ing is done prior to 'ajection by detuning to comply with the 351.9 MHz
requirement of the Robinson instab'ity criterion. For the APS Long-Term Stability 10-11/day
storage ring cavity l.is amounts toa negative 16 kHz of detuning Short-Term Stability 10-9/s
from the no-beam resonance condition to the fully loaded condi- Phase Noise @ I kHz Offset -100 dBc/Hz
tion. After beam filling is completed the cavities are tuned closer Distance to Stations 300 ft.
to resonance, and the Robinson instability is counteracted with Phase Stability 0.1 degrees
dynamic feedback vir the low-level feedback system. Minimum RF Output Power +20 dBm

Two types of rf distribution subsystems are a star configura-
tion [4] and a serial configuration [5}. Both provide phase stable

V. COMPUTER INTERFACE rf signals to the multiple cavities located an appreciable distance

The rf system is wider active computer control and is contin - from the rf source. The star configuration will be used to feed rf
to the storage ring and synchrotron.

uously monitored by computer. Each cavity has a field monitor.

The monitors are added in phase, and the resultant signal is V. REFERENCES
compared to the driviag signal with a digital phase meter. The
digital phase information goes to the control computer which [11 D. Boussard, "Control of Cavities with High Beam Load-
adds the required offs t to satisfy the requirements of :.he Robin- ing," IEEE, NS-32, No. 5, October 1985.
son stability criteria. The computer then controls both tuners of [2] K. W. Robinson, "Stability of Beam in Radio Frequency
each cavity to keep it properly tuned. System," CEAL-1010, p. 8, February 17, 1964.

The computer interface, in real time, reads the phase of the [31 J. Bridges,J. Stepp,"RFSystem Design forthe Storage Ring
voltage developed in each storage ring cavity relative to the input of the Advanced Photon Source (APS)", these proceedings.
phase, the phase error of the klystron output power relative to the [4] A. H. Regan, P. M. Denny, "RF Reference Generation for the
input drive phase, and the gap voltage developed across the cay- Ground Test Accelerator," Proceedings of the 1991 Particle
ity. This phase is compared to the phase of the power into the Accelerator Conference, pp. 2946-2948, 1991.
cavity. The computer drives the tuner stepper motor to maintain [5] R. K. Jobe, H. D. Schwarz, "RF Phase Distribution Systems
the required relationship to satisfy the requirements of the Robin- at the SLC," Proceedings of the 1989 Particle Accelerator
son stability criteria. Conference, pp. 1987-1989, 1989.

1159



Operation of New RF Drivers for the Bevatron Local Injector *

J. Calvert, J. Elkins, D. Howard, M. Hui, N. Kellogg, A. Lindner, R. Richter
University of California, Berkeley, CA 94720

Absrat

A new 200 Mhz power amplifier system has been used
operationally on the Bevatron Local Injector 20 MEV LINAC
with two different power tetrodes: an EIMAC 4CWI00,OOOE
and a Thomson-Houston TH-535. The same basic anode
and grid structures were used with both tubes. The system
has provided increased power output over the 4616 tetrode
previously used. Maximum operational gradients were
achieved with both tubes. System testing, tube
interchangeability, and high power operating data will be
presented.

1. INTRODUCTON

After satisfactory high power testing of the prototype
version of the amplifier with the EIMAC 4CWIOOK tube, -

described in Reference [11, mechanical design of the final - _

version of the ca% ity and the output paddle was completed.
The final version of the amplifier was installed as the driver
to the TH-516 final amplifier for Tank 2 of the Bevatron
Local Injector LINAC in place of the existing 4616 tetrode.
Operational tests of the amplifier cart with the EIMAC tube
installed proved very successful, reaching a higher gradient
than had ever been achieved in this tank. Concurrently,
neutralization tests were begun on the TH-535 in the
prototype cavity. After neutralization of the TH-535 was
completed, it was installed in the amplifier cart for high
power testing; as expected, its power output was lower than
that of the EIMAC tube, but it also proved capable of
exceeding all required operational gradients. " ,r

II. FINAL CAVITY CONSTRUCTION

The prototype had been constructed with a copper-lined
plywood box as the anode cavity. The final version of the
cavity (shown in figure 1) was made with half-inch aluminum
plates for the top and bottom, supported by brass pipes in the
four comers. The sides were made of sheet aluminum panels
set into a frame of aluminum extrusions of the type used to Figure 1. Scale drawing of the final cavity with the EIMAC
build standard electronic equipment cabinets. The bottom 4CW25K tube installed.
plate was machined to accommodate the Thomson tube
socket directly (shown in figure 2.) and the EIMAC socket tubing, was bolted to the top plate of the anode enclosure
with an adapter ring. A high voltage interface assembly, from the inside, and the entire structure was designed so that
constructed of large diameter, heavy walled aluminum no access is possible without opening interlocks in the anode

high voltage chain.
This work was supported by the U .S. Department of Energy. under The radial line for the anode resonator is end loaded with

contract No. DE-AC03-76SF00098 eighteen capacitors which also provide mechanical support
for the line. The dielectric for these capacitors was machined
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blower is mounted on the tube ,ocket to blow air directly on
the filament connections. Both of these blowers are
interlocked to the filament power supply.

Air for general cooling of the electronics cabinet is taken
in by the ten-inch axial fan. This air is passed from the
cabinet into the anode cavity through screened ports in the
four corners of the cavity baseplate. It then passes through
the anode radial line and is exhausted through ports in the
"high voltage interface assembly. This path prevents ionized
air from standing in the anode cavity and causing arc-over
problems.

Low conductivity water is circulated through the 4CWIOOK
anode through fittings on the high voltage interface assembly;
the anode voltage is isolated from ground with coils of
insulating tubing. The anode of the 4CW25K stage is cooled
in similar fashion. Tests on the prototype showed that some
"heat from the filaments was transferred to the supporting
structure despite the air cooling of the tube bases, therefore
supplementary parallel water cooling loops were provided for
the bases in the final version.

IV. TH-535 NEUTRALIZATION

Figure 2. Scale drawing of the final cavity with the Thomson
TH-535 tube installed. It had been planned to neutralize the TH-535 with a

screen grid to control grid resonator in the manner described
at LBL from Teflon rod in an annular re-entrant shape which in Reference (11 for the 4CW25K stage. However,
was chosen to provide mechanical strength and a long succeeding tests proved that a resonator much larger than the
leakage path for the anode voltage present on the lower plate space available was required. We then opted for the more
of the line, as well as the necessary capacity. The capacitor conventional method of using a shielded rotating inductive
"plates" are machined aluminum rings. These locally coupling loop in the grid cavity connected to a capacitive
manufactured capacitors were also lower in cost than pickup disc in the anode cavity. As tested in the prototype,
commercially available ones. this neutralizing circuit provided more than 45 DB of

Energy was coupled out of the prototype cavity with a loop isolation.
which was not readily adjustable to vary the amplifier v. HIGH POWER OPERATION
loading. In the final version, this arrangement was changed
to a circular capacitive coupling paddle which is easily The amplifier cart was installed adjacent to the TH-516
adjusted. final amplifier stand for Tank 2 in order to minimize the

The output flange is designed to be fitted with either a required length of pressurized output line. It was first tested
standard 6-1/8 inch EIA flange or a pressure tested 6-1/8 to with the 4CWIOOK tube, then with the TH-535. Operating
3-1/8 inch adapter. This adapter will allow for greater than results are presented in Table 1.
four atmospheres of air pressure in the 3-1/8 inch line. In the When drive was first applied, arcing occurred between the
tests described below, a 3-1/8 inch line pressurized to 20 psi radial line corona ring and the output paddle. This problem
was used. was corrected by installing a shallow Teflon cup on the

IIM. AMPLIFIER CART C-OOLING paddle. Initial tuning with the 4CWIOOK installed in the
amplifier cart showed that it was closely coupled with the

Both tubes require water cooling for their anodes and air final stage: the TH-516 grid tuning had considerable effect on
cooling for their bases. In addition, the various power the anode tuning of the cart. The TH-516 grid tuning was
supplies located in the double rack enclosure described in held constant when the TH-535 was installed and it was
Reference Ill require air cooling. The air cooling matched using the cart anode tuning slugs. The tuning range
requirements were met by providing two air sources: a high of the slugs proved sufficient to resonate both tubes at the
pressure centrifugal blower and a low pressure axial fan. operating frequency of 198.965 Mhz, although with the TH-

The high pressure centrifugal blower feeds air through a 535 they were almost at the extreme "all in" end of their
manifold to the base in the case of the TH-535 and to the range.
grid cavity in the case of the 4CWIOOK. The manifold also The power output for the 4CWIOOK tube given in Table 1
supplies air to the 4CW25K stage tube base and grid cavity, is not the maximum achievable. The screen voltage
When the 4CWIOOK is installed, an additional centrifugal

0-7803-1203-1/93$03.00 0 1993 IEEE
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Table 1. (1) Manufacturer's limit of 25 A plate current was exceeded
with their permission for test purposes only.

4CWI00K TH-535 (2) The reflected power measurement accuracy is determined
Tank Level 8.2 V = 2.69 Megawatts by the directional coupler directivity, which was measured at

Pulse Pk Pulse End Pulse Pk Pulse End approximately 25 DB.
(T=100us) (T=lms) (T=100us) (T=ls) (3) The 25K stage output power was estimated by using the

same efficiency as the 100K stage because we did not use a
directional coupler between the stages.

Eg(V) -660 -660 -216 -232 (Frequency= 198.965 Mhz, Pulse Width= I ins, Pulse
1 8 (A) 1 0.8 1.06 0.84 Repetion Rate= 2 pps)

E S (V) 750 750 1350 1350 was deliberately kept low, limiting the power output in order

lsg (A) 2 1.2 2.2 1.8 to avoid excessive x-ray production from the tank and reduce
the risk of output line sparking. Power output of the TH-535
was limited by the manufacturer's specified maximum plate

Ib (A) 29.4 24.6 301 25.2 current.
VI. CONCLUSION

P out (KW) 428.3 342.9 438.8 342.9

Pref(KW)2 7.1+1 5.9+0.7 11.2+1.3 8.3+0.9 The simplified operation of the LINAC RF system
anticipated in Reference [11 was achieved when the new

Gain (DB) 11.4 10.7 13.3 13.3 amplifier cart was installed and operating. Fixed bias was
Eff (%) 58 52 70 68 used in the cart for all three tube stages. After the cart had

been initially tested in the operating system and proved
Driver (EIMAC 4CW25K): capable of producing the necessary drive power, the pulsed

bias system described in Reference [2) for the TH-516 final
Eb (KV) 10 to 9 8 amplifier was also replaced with a simple DC bias supply.

lb (A) 4.3 4 3.4 3 The cart was used with the LINAC for ten months
(including approximately one month with the TH-535 tube

Pout (KW) 3  24.8 20.8 20.5 16.1 installed), until the end of operations at the BEVALAC.

During this time, it proved to be extremely reliable and

Tank Level 8.4 V f 2.82 Megawatts maintainable.
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432-MHz RF Source For The JHP Proton Linac

M. ONO, S. ANAMI, H. HANAKI, Z. IGARASHI, M. KAWAMURA, T. KUBO,
C. KUBOTA, K. KUDO, E. TAKASAKI and T. TAKENAKA

National Laboratory for High Energy Physics(KEK)
1-1 Oho,Tsukuba-shi,Ibaraki-ken,305,Japan

Abstract B. Power Supply
A high duty UHF(432-MHz) RF source for the intense The scheme of the klystron power supply is shown in

proton linac of the Japanese Hadron Project (JHP) has been Figure 1. The power supply is able to operate two klystrons
constructed at KEK. A test-linac consisting of a RFQ and a simultaneously. It generate maximum -110 kV cathode volt-
drift-tube (DTL) structures is under construction. The UHF age with 46 A x 2 beam current at 650 psec pulse-duration
RF power generated by 2-MW peak power klystron will be and 50 Hz repetition rate. Thyristor switches control and stabi-
fed into these structures with 650 Jgsec pulse-duration and 50 lize the cathode voltage. With allowing 5% sag at the above
Hz repetition-rate through an waveguide system with a Y-junc- condition, 10.8 gF filter condenser is chosen. A crowbar
tion circulator. A dc high voltage (max.-95 kV) is applied to switch consisting of 6-series ignitrons (Richardson Elect., NL-
a cathode of the klystron and a beam current is modulated up 35391) is installed for klystron protection. If the crowbar is
to 40 A by a pulsed high voltage(max. 80 kV) applied to a triggered the thyristor switch will reduce a flow-in electric
modulating anode . The klystron power supply can operate power within -5 msec and then VCB is switched off at
two such klystrons simultaneously with two individual anode -20msec. A series-resister is installed in the tank just before
modulators. The first operation of this RF power source and of the klystron cathode to suppress a flash-over current. The
the preliminary test of an RF signal processing such as PLL crowbar is also set aside the tank to minimize a cable length.
and ALC will be reported. In order to check the crowbar switch, the cathode-voltage-

shortening-tests were carried out using a thin copper wire
I. INTRODUCTION (00.35) shortened at the klystron socket. Due to the adopted

27.5 Q series-resister and the fast crowbar work (less than 6
The proton linac of the JHP[ I] has been designed to have gasec) an estimated deposit energy at the wire is much less

three types of accelerating structures such as an RFQ, a DTL than 10 Joule at -91 kV cathode voltage. The estimation is
and a coupled-cell structure. The test-linac consisting of the carried out by using a measured shortening current and an es-
former two linacs and a proton-source (H-) is under construc- timated wire resistance.
tion to prove a feasibility of the intense proton beam linac re- A
quired for the JHP. The UHF(432-MHz) RF sources for the
RFQ and the DTL will be generated by the two high-power, s.w [r
high-duty klystrons with 650 1sec pulse-duration and_50 Hz
repetition-rate. The klystron power supply can feed electric-
power to two klystrons with a same cathode voltage but with .

two individual modulating anode controls. The first operation
of the klystron generating 2-MW peak power with 600 g.sec F
pulse-duration and the basic test of the ALC (automatic level soV HI
control) within the pulse duration has been done. The high s ,=Ph.s,
power feed to the cavities with the needed RF processing such ]Ta1 A-t

as ALC and PLL (phase lock loop) will soon start. & I /Rectif..

II. RF SYSTEM Crowbar .. - on Tank t

A. Klystron OWV0 hn

The RF power required from the test-linac is -1 MW/ , ,
klystron with -3% duty (650 jisec x 50 Hz). Within the pulse -k /211412

duration the RF processing such as ALC and PLL are ex- ' :-34
pected. Not only such feedback processing, some kind of feed- " L-35391

forward processing is also expected to compensate the heavy .! Anode
beam loading for every pulse duration. The klystron can't be
operated at a saturation to cope with such requirements. The C.F -3kV " .
installed klystron (TH2134, THOMSON-CSF) can produce a
2-MW peak power at the saturation with the required duty, and
it will be operated in a linear region with a reduced power to Figure 1. Klystron Power Supply.
realize the needed RF processing. Such a capability of generat-
ing an excessive power may also ensure a stable operation of C. Anode Modulation
these high-power and high-duty system. The nominal cathode- The klystron beam current is modulated by the anode
and anode-voltages are -93 kV and 80 kV respectively to gen- voltage produced by the switching tube (TH5188, THOMSON
crate 2-MW power with a 40A beam current.
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-CSF) with the resister-chain divider. At the switch-on of this We take into account the filling times of the RFQ (5.2 1isec)
tube, the observed current which flow across the tube, was and the DTL (14.7 lwsec) in the design of the circuit parame-
several hundreds mA consisting of -160 mA anode-current of ters. The preliminary test of the ALC has been done to stabi-
the klystron and -360 mA current through the 220 kM), in the lize the klystron output at -IMW level. Due to the sag of
2-MW output operation. The grid-pulse of the switching tube VCathode the amplitude and the phase aren't stable. In the pre-
is easily controlled by a low level signal through light guide sent parameters, the loop gain can't be large enough because of
cable. The control units of G 1 and G2 of the switching tube the oscillation at the leading part of the pulse. The obtaining
are all set in a box, and this box is connected to the cathode stability defined as a power change per 1 kV VCathode change
voltage's potential. The stray capacitor that is estimated from is 19.5 kW/kV at loop-on, while 73.7 kW/kV at loop-off. For
the box configuration in the tank is relatively large. Even the PLL, basically same module will be used but the control
though this large capacitor is responsible to a large rise- and signal of the phase shift should be bipolar to control ± phase
fall-time of the anode voltage, we adopted this scheme because shift. The final optimization of the parameters should be done
of its rather simple and reliable method. A clamp voltage (0 to with including the cavities.
-60 kV) is prepared between the ground and the resister-chain
to control anode voltage in the range defined as follow, . .... .. .. .....

VAnode = -(VCathode - VClamp) x R2/(R1 + R2) + VBias, / h
Phase (12*/div.)

where RI and R2 are resistors shown as 30 kQ and 220 I I ini-j
Figure 1, and VBias (-3 kV) is a bias voltage to secure the cut- -
off state of the klystron at the inter-pulse. Comments are in / 7 - ,
order. If the average current which flow across the resister- -(.
chain exceeds the clamp-power-supply-current expressed as .. .. ,. . . V ( k. / :v •
VClamp/1. 2 MU, the clamp voltage becomes uncontrollable
because each current is opposite direction. Then the anode - Beam (16 Adiv.)
voltage becomes discrepant from the equation at deeper modu-
lation and higher duty operation. The relatively large anode TIo-
current also modify the equation. The R2 should be replaced VAnode (40 kV/div.)
by R2'=R2//Reff, where Reff is an effective anode resistance. -1- . - - _t --- 1---- --------- - +--
The anode voltage shows also a sag within the pulse-dura- I 1 100 Lsec/div.
tion, because a charge-up of the capacitor of 0.68 liF shown in ... .. . ......... I
Figure 1 is starting at the switch-on of the tube. In Figure 2 The data are taken at 600 psec pulse-duration, 10 Hz
the typical pulse shapes are shown at an operating condition of repetition-rate and 93 kV cathode voltage.
2-MW output. The relatively small sag of the cathode voltage The clamp voltage is 0 kV.
(2-3%) is seen, because only one klystron was connected to
the power supply. The anode voltage measured to the ground Figure 2. Typical Pulse Shapes.
level shows an almost flat shape partially due to the anti-sag
of the anode voltage. The rise- and fall-times of anode voltage III HIGH POWER TEST
are explained by the stray capacitor Cs) shown in Figure 1.

A. Experimental Set up
D. Low Level Control Only one klystron was ready to operate at the test. The

A drive power controls the amplitude and the phase of the power generated at the klystron was directed to a dummy load
klystron output in the linear region. A circuit shown in Figure by WR-1800 waveguide. The dummy load is a coaxial type
3 is prepared to process the RF signal. Among the several with a resistive thin film coated on a ceramic pipe as an inner
signals shown in the figure, the "Compensation" signal can be conductor. The input port is the WX-203D flange and the re-
used as a feedforward signal to compensate the beam loading. sistor is cooled by a water-flow at the inside-and outside of the

LoopGain Filter

F.B.input.

RefeenceF.B.output

Trigger Gt~lcLo fstLwrii
Open Compensan 

UpperLimit

Figure 3. Block Diagram of Feedback Circuit.
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pipe. A space between the water-proof pipe and outer conduc-
tor is filled with SF6 gas to prevent the arcing. The load is de-
signed to absorb the RF power of 2-MW output with 65 kW
average power (650 psec x 50 Hz duty). Two loads were used 00 0 0 0 0
in parallel at the test, because one load had been damaged by 1.8 o 0 o
the arcing at 1.6 MW output and 600 psec x 50 Hz duty oper-
ation with no SF6 gas filling. The power measured with a di- o o
rectional coupler was checked by a calorimetric measurement •" 1.6
at the dummy load with a ±5% accuracy. The measurements -- --------------------------- 0
were done at the duty of 600 psec pulse-duration x 10 Hz repe- -
tition-rate. The klystron showed relatively stable operation • 1.4
during the test, even though 2 - 3 times crowbar trips had
been encountered at an acceptance test. 1.2

2 .... I'';'I'' :0 0 • "

0 I I

1 0000:990 431 431.5 432 432.5 433 433.5
1 .5 ........ 0 .................... ............ .... f eq . z)

O o : 0 Measured at saturation point (Drive power-- 30 W).

... ..... . -. .. mFigure 6. Band Width at -1 dB.
AOo

'eQ measured at saturation are shown in Figure 5 as a function of

0.5 .... ... 0 Vk=93kV;Pout(MW) the cathode voltage. The phase shift per I kV cathode voltage
0 Vk=9lkV;Pout(MW) change is -8*/kV as shown in the fitting of Figure 5. Because

7 o Vk=89kV;Pout(MW) the klystron could be operated without drive power even at the
i , rated cathode- and anode-voltages for generating 2-MW output,

",I
0 the clamp voltage was set to zero at the test; the test was car-

0 5 10 15 20 25 30 35 ried out at a deepest modulation. This fact shows the possibil-
Pdirve(W) ity to omit the clamp power supply from the ;ystem. At the

Figure 4. Output Power vs. Drive Power. phase shift measurement, the anode voltage is also changed as
a function of cathode voltage as described in II-D. Therefor, the
measured phase shifts include the effect of the anode voltage

B. Performances of the Klysiron and Discuwsion changes. The phase shift during the pulse duration exhibited
In Figure 4, the output power is shown as a function of in Figure 2 are consisted with the sag of cathode voltage and

the drive-power at three cathode voltages. The observed effi- the rate of phase shift change; -180 corresponding to -2 kV
ciency at saturation point (drive power = 30 W) is 52% for 2 droop. A band-width for -1 dB decrease of output power is
-MW output at -93 kV cathode voltage. An observed gun-per- shown in Figure 6. More than 2-MHz range is wide enough

veance of the klystron is 1.8 x 10.6 A/VA. The phase shift band width for the RF processing.

IV. SUMMARY
y= - 692.54 + 7.439x
y= - 792.42 + 8.543x The first operation of the UHF RF source for the JHP

2 i ' 20 test-linac has been so far accomplished. It may be proved that
(Pdrive=30 W: saturation) 0 the constructed system is feasible to supply the well-controlled

0o0. 0 RF power to the linac. There are still many jobs which should
1.8 0 Pout(MW) 0 .be completed until the start of the linac beam test, such as the

0 Vr - stable two klystrons' operation of the system at the nominal
60 06' 2 output power with nominal duty, the stable RF processing

10 _0 without sacrificing the high loop-gain, etc. The components

of the high power transmission system, such as a Y-junction
0o1.4 0circulator and the dummy load should be tested at high-power

0," -60 and high-duty. The fabrication of the 2 MW circulator has
01". .- been already finished. The same test of the cavity itself is a

1.2 --- pse most crucial one.----o.. phase(deg) -0 ,•

,,_,, _,,, _,,_,,, _ 41V. REFERENCES
i82 84 86 88 90 92 94'

Cathode Vol. (kV) 11 Y. Yamazaki and M. Kihara, Proc. 1990 Linear Accel.
Conf., 543 (1990), Albuquerque, New Mexico.

Figure 5. Output Power and Phase Shift.
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Test Results of the AGS Booster Low Frequency RF System*

R.T. Sanders, P. Cameron, R. Damm, A. Dunbar, M. Goldman, D. Kasha, A. McNerney, M. Meth,
A. Ratti, R. Spitz

AGS Department, Brookhaven National Laboratory
Upton, NY 11973 USA

Abstract A. The Band !! Cavity

The Band II RF system was originally built to support Each of the band II stations consists of a single gap fer-
the Booster operations during the acceleration of heavy ions. rite loaded quarterwave coaxial resonator. In order to achieve
Designed to sweep from 0.6 to 2.5 MHZ, it was build and suc- the low frequency resonance in reasonable dimensions, the
cessfully tested over a much broader range reaching 4 MHz. cavity uses 66 TDK SY7 ferrte rings [4], with a remnant per-
Voltages up to more than 20 kV were reached over the design meability of 1100. Tuning bias is applied via two figure of
frequency range. The system consists of two stations, each of eight windings connected in series to obtain the maximum
which is made of one single gap cavity directly driven by a biasing field and thus the maximum frequency range. The low
grounded cathode push pull power amplifier. The low Q high frequency end was reached without the need for additional
permeability fentires needed in the coaxial cavity in order to external gap capacitance.
reach the lower end of the band make tuning extremely easy.
Both systems were thoroughly tested both at single frequencies
and on a sweep and are now installed in the ring, ready for B. The power amplifier
operations. Static measurements showed no high-loss effects.
The Band II system has been fully described in a previous
paper [1]; presented here are the results of the "bench" tests The cavity is driven by an adjacent push pull power
that lead to important performance improvements, amplifier capable of an output power in excess of 200 kW. It

employs two EIMAC Y567B power tetrodes, remotely driven
by two solid state class A drivers each capable of 500 W of RF

I. SYSTEM DESCRIPTION power. Input cross coupling is ensured via an input trans-

C- - :g MAG 10 d"/ REF -50 dB ,;-33.338 C:B
2•: i ! .1,39 4185 MHz

The Booster RF systems are built with the twofold pur-
pose of accelerating both protons at a 7.5 Hz repetition rate and
ions as heavy as gold. The fast cycle and high intensity of pro- ___-___I

tons (5 * 1012 protons per bunch), requires a high total gap
voltage and a low gap impedance. Gold ions impose the
requirements of a large frequency swing, since the relative
velocity 0 goes from 0.047 to 0.68. These dissimilar needs are
fulfilled by two different types of RF systems. The first system,
termed Band i1l [2,31, covers the voltage requirements of pro-
ton acceleration, 90 kV provided on four gaps (two per sta-
tion), and a frequency sweep of 2.4 to 4.2 MHz. The second
system, Band II, provides 35 kV on two gaps (one per station),
and a frequency sweep of 0.6 to 2.5 MHz to accommodate the
low PI ions. _

300 000 MHZ STOP 10.000 000 MHZ

Figure 1. Cavity resonant frequency for increasin*
bias current at low power - single turn bias

• Work supported by the U.S. Department of Energy ( I ranges from 0 to 520 A in 40 A
increments)
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former, which also provides resistive matching to the 150 The inductance of a single turn bias winding was mea-
ohms input low pass filter. The cavity biasing figure of eight sured to be ranging from 470 piH to18 liH for a 200 Ampere
windings also guarantee the load cross coupling and help bias current. When the two bias windings were connected in
improving the push-push mode rejection. series the inductance scaled according to the square law. The

bandwidth of the tuning system, is approximately 20 kHz.

II. BENCH TEST
HI. BEAM EXPERIENCE

The system has been fully tested with very satisfactory
results. The full design voltage of 17 kV was comfortably After the first cavity was installed in the Booster ring, its
achieved, and the required frequency iange greatly exceeded: impedance has been measured by circulating a beam focussed
sweeps from 0.6 to 4.0 MHz were performed using the avail- with the Band III system and reading the voltage induced in the
able 200A of current power supply, which was the only limit properly tuned Band II cavity. This does not take into account
that prevented a larger frequency swing. Both static and the amplifier damping (not available at that time).The cavity
dynamic measurements were performed by calorimetry to shunt impedance as measured with the beam is on average 2.0
study the ferrite losses. Table 1 shows the measured static kQ and is in reasonable agreement with the one calculated via
losses of the system in the design operating frequencies; the calorimetry (1.7 kil).
maximum measured power was 123 kW at the high frequency
end, whereas the dynamic losses are very moderate and do not IV. COMMENTS
contribute for more than an additional 10% to the total power
dissipation. With an input drive of 212 volts to obtain 10kV on
each side of the gap, the final stage gain is about 33.5 lB. The encouraging results of the bench tests on the system,
Dynamic tests showed no need for neutralization of the inter- originally build to cover the initial portion of the acceleration
nal feedback capacitance in the power tubes. of heavy ions, open the possibility of using it in other applica-

tions. For example it can be used to perform the entire heavy
ion cycle, since its operating range has reached the higher fre-

Table 1: Static measurements results (calorimetry) quencies required to accelerate the ions to the top energy. Also
it can be used as a second harmonic system during the injection

Power Power Vdrive Vdrive I of protons, by extending the frequency range to reach 5 MHz.
Freq @ @ @ @ tuning This would only require modifications on the power amplifier

10kV 20kV 10kV 20kV input low pass filter and a larger bias current supply.
_- ] kW] [kW] [VI [V] [A]

0.6 15.6 56 75 145 10

1.0 17.8 70.2 83 155 30
1.5 19.8 94.2 94 177 50 .V
1.9 22.3 114 98 205 70 .... . ...

2.3 28.3 118 110 221 90

2 .7 3 1 .3 12 3 12 0 2 1 2 1 10 . - 1 .

Sweeps were 'so performed at a much faster rate than
originally requested [5]: the system was swept from 0.6 to 2.5
MHz in 45 ms, which corresponds to a rate of 42 MHz/sec. No ... I I..
measurements are available though on the power dissipation 2.9 I
during this fast sweeps. The quality factor Q ranges from 1.5 to A g o
3; no sign of the well known high loss (Q-loss) effect has been
found during the tests. The large bandwidth corresponding to
such a low Q makes tuning particularly easy. Fig. 2 shows the
response of the phase detector during a full frequency sweep
and indicates an error of much less than 10 degrees throughout Figure 2. Full 0.6 to 4 MHz sweep at 17kV: 1. phase
the whole cycle, detector (10deg/V), 2. Low level drive, 3.

Frequency program, 4. Cavity voltage
(3550:1)
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V. CONCLUSIONS

The low frequency RF system for the AGS Booster has
been build. Its broad band characteristics make it a very attrac-
tive feature that can actively contribute both in the heavy ions
and in the proton operations. Further improvements are possi-
ble to taylor its characteristics to the most urgent needs that can
arise during operations.

Installation is now completed for both Band II stations;
they will be commissioned during the next scheduled heavy
ions run this summer.
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Design and Test Results of a 600-kW Tetrode Amplifier
for the Superconducting Super Collider*

Daniel E. Rees and Donna L. Brittain
Los Alamos National Laboratory

P.O. Box 1663, Los Alamos, NM 87545

James M. Grippe and Orlando Marrufo
Superconducting Super Collider Laboratory
2550 Beckleymeade Ave., Dallas, TX 75237

Abstract Phase Stability <10 deg. within any one
This paper describes the design and testing of a pulsed hour

600-kW tetrode amplifier that will be used to drive a radio- Spurious Signals >60 dB below carrier
frequency quadrupole (RFQ) for the Superconducting Super Prime Power 208 VAC, 3 phase
Collider (SSC). Three stages of amplification provide a
nominal gain of 77 dB and peak output power of 600 kW. A similar amplifier with slightly different performance
The amplifier is operated at a pulse width of 100 gts and a characteristics-300-kW, 425-MHz, 2% duty factor-was
repetition frequency of 10 Hz. This paper presents the RF developed for the Ground Test Accelerator (GTA). This
design and calculated operating conditions for the amplifier. GTA amplifier was modified to meet the Superconducting
Details of the electrical design are presented, along with test Super Collider (SSC) requirements.
results. The SSC amplifier is located in the source area of the

LINAC Building. Cooling water, whose temperature cannot
I. INTRODUCTION exceed 95*C, is provided for cooling the output cavity.

Building temperature is well regulated. Therefore, no special
The purpose of the radio-frequency quadrupole (RFQ) provisions are necessary for air cooling, other than fans and

amplifier is to provide an adequate amount of power at the blowers.
proper operating frequency to enable the RFQ to increase the Input RF is obtained from the low-level RF control
velocity of the input beam from .00864 times the speed of system, which is designed to maintain cavity field amplitude
light to .0729 times the speed of light. The energy in the and phase to a preset level in the presence of beam-induced
beam increases from 35 keV to 2.5 MeV. To perform this field perturbations. A high-power circulator isolates the load
function the amplifier must provide a minimum of 225 kW at from the amplifier. The load on the amplifier can be
a frequency of 427.617 MHz at each of two input ports of the manually switched between the accelerating cavity or a test
RFQ. In addition, enough overdrive must be available to load via a coaxial switch.
ensure a fast fill time. To adequately meet the requirements,
the amplifier must meet the performance requirements II. OPERATING CONDITIONS
specified in Table 1. AND AMPLIFIER CONFIGURATION

Table I The SSC amplifier is a three-amplifier chain, consisting
600-kW Amplifier Electrical Requirements of an 800-W solid-state driver, an intermediate triode

Operating Frequency 427.617 MHz amplifier, and a final tetrode amplifier.
Bandwidth 300 kHz (minimum) The solid-state amplifier requires a maximum input of
Power Output 600 kW (peak) 13 dBm and can provide up to 800 W of power for 2-ms
Gain 77 dB (nominal) pulses at a maximum repetition rate of 10 Hz. The amplifier
Pulse Length 100 1s has a 4% bandwidth, and its output is protected by an
Pulse Repetition Rate I to 10 Hz internal circulator. It is configured to accept an optical
Pulse Droop 1% (maximum) trigger, which is used in conjunction with a PIN diode switch
Input VSWR 1.5:1 (maximum) to act as an RF gate.
Linear Range 15% to 85% of peak The intermediate amplifier uses an EIMAC 8938 triode.

power rating It is configured to be cathode-modulated with a grounded
AmplitudeStability<0.5dowerthin anyone grid. A high-power hexfet is driven into saturation to

Ahin amodulate the cathode. The triode is operated at its rated dc

voltage of 4 kV by means of a 5-kV power supply that

*This work supported by the U.S. Department of Energy. charges a small capacitor bank to provide the pulsed current.
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Approximately 50 ohms of series resistance is inserted III. TEST RESULTS
between the capacitor and triode to dissipate the energy in
case of an internal tube arc. Test results for the 600-kW amplifier are shown in Fig-

The final amplifier is a Burle 4616 tetrode. It requires ures 1 and 2. Figure 1 shows the frequency response of the
approximately 500 W of filament power. The operating amplifier at the upper end of the linear range. Figure 2
conditions for the cathode, as well as pertinent maximum shows the linear performance of the amplifier. The test
operating conditions, are shown in Table 2. The final conditions are summarized in Table 3. Table 4 summarizes
amplifier requires three high-voltage power supplies. The the test results.
25-kV plate voltage is supplied by a 30-kV supply with an
average current capability of 80 mA. This supply has a 700
crowbar and small capacitor bank sized to meet the 1% pulse
droop requirement. A 3-kV screen supply and 1-kV grid 600
supply are also required. The screen supply feeds a small
capacitor bank to supply the pulsed screen current. The

S500-screen supply does not use a crowbar triggered si-
multaneously with the plate supply crowbar. Rather, series
resistance is used to limit the current and dissipate the energy 400
that could result from a tube arc.

To provide the required linear range of operation, the 300
solid-state amplifier is operated class AB, the intermediate
triode amplifier is operated class A, and the final tetrode 200
amplifier is operate class B. The intermediate triode ampli-
fier takes advantage of the cathode modulator to operate 426.8 427.2 427.6 428.0 428.4
class A during the RF pulse without suffering the Frequency (MHz)

corresponding anode dissipation during the interval when the Figure 1. Frequency Response
RF pulse is not present.

700
Table 2 600

4616 Operati g Conditions
Operating Parameter Value Max. 500

Value at100 ILts.40

DC Plate Voltage 25,000 V 25,000 V 300
DC Screen Voltage 1,800 V
DC Grid Voltage -300 V D. 200
DC Plate Current 38.2 A 80 A 100
DC Screen Current 2.25 A 15 A
DC Grid Current 1.4 A 15 A 0 . , , ,
DC Cathode Current 42 A 0 10 20 30 40 50
Fund. Peak Plate Current 64 A Power In (mW)
2nd Harmonic Peak Plate 35 A
Current Figure 2. Linear Dynamic Range
3rd Harmonic Peak Plate 8 A
Current
Fund. Peak Cathode Current 71 A
Peak Plate Swing 20,000 V Table 3
Output Power 638.7 kW Test Operating Conditions
RF Plate Load 313 Q2 Parameter Value
Peak Grid Swing 400.0 V 4616 Grid Voltage -380 V
Drive Power 540 W 4616 Anode Voltage 26,000 V
RF Grid Input Resistance 148 0 4616 Screen Voltage 2200 V
Peak Plate Dissipation 302 kW 4616 Filament Current 510 A
Peak Screen Dissipation 4050 W
Peak Grid Dissipation 156 W
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Table 4
Test Results

Parameter Value

Maximum Power Output 625 kW
Linear Range 200 kW to 500 kW
Gain 77.4 dB (nominal)
3-dB Bandwidth 900 kHz
l-dB Bandwidth 550 kHz
Efficiency 63%

Note: The dc anode voltage used for testing is slightly
above the ratings. This was necessary because the high-
voltage dc power supply had a series resistance that would
drop approximately 1 kV during the RF pulse. We did not
suffer any degradation in operational testing as a result of the
26-kV anode voltage, however.

IV. CONCLUSION

We have successfully modified the GTA 300-kW
amplifier to operate as a 600-kW amplifier for SSC. The
amplifier met or exceeded all performance requirements and
is currently in service at SSC.
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Conceptual Design of the 26.7 MHz RF System for RHIC*

J.Rose, D.P.Deng, R.McKenzie-Wilson, W.Pirkl, A.Ratti
Relativistic Heavy Ion Collider

Brookhaven National Laboratory
Upton, N.Y. 11973

Abstract Table II Bunch Parameters
The 26.7 MHz (harmonic # h=342) RF system will

be used to capture the injected bunched beam from the AGS
and accelerate it to a kinetic energy of up to 250 GeV for pro- Protons Au

tons; 100 GeV/u for gold ions. All ions except protons cross Inj ./Top Inj ./Top

transition, and are finally transferred to a storage RF system Energy (y) 31.2/268.2 12.6/108.4

working at 196 MHz. Each RHIC ring will be provided with
two single-ended capacitively loaded quarter-wave cavities; Luth (ns) . . 1
each of these can be dynamically tuned by 100 kHz to
compensate for the change in speed of the beam, and can Synch. Freq (Hz) 45/25 90127

deliver at least 200 kV voltage. A 100 kW tetrode amplifier z, A/Z 1/1 79/197
with local RF feedback is directly coupled to the cavity to
minimize phase delay. Prototypes of cavity and amplifier have hP/p (10') 10/1.7 8.3/3.4
been built and first test results are presented. Bunch Area 0.30/0.33 0.2/0.4

(eV-s/u)

I. INTRODUCTION # bunches/ring 57(114) 57 (114)

The Relativistic Heavy Ion Collider at Brookhaven
consists of two counter-rotating beams of ions ranging from # ions/bunch 10l o0l

protons to gold colliding at up to six interaction regions. The Norm. Emittance 20/20 10/15
machine consists of superconducting magnets with room (I mm-mrad, 95X)
temperature RF systems located in warm sections of the ring.
Major machine parameters are given in Table I.

The accelerating RF system must capture the injected
beam from the AGS, accelerate to top energy and transfer I. SYSTEM DESCRIPTION
(rebucket) to the 196 MHz storage system. Table II shows the The 26 MHz system consists of a capacitively loaded
relevant bunch parameters at injection and top energies. quarter wave cavity with a close-coupled tetrode amplifier.

The cavity is two meters long and 0.84 meters in diameter
Table I Machine Parameters with the amplifier situated directly underneath. A prototype

system has been constructed and is shown in Figure 1. This
prototype will be used to study methods of tuning, HOM

Circumference 3833.852 m suppression, feedback design and susceptibility to multipact-
ing. The prototype cavity is of copper plated steel construc-

Rotation Freq 78.196 kHz tion. Provisions for vacuum pumping and water cooling have
3Yr 22.8 been made to allow full power testing. It is designed to allow

amplifier coupling at either end of the cavity, it is currently

B-p inj/top 96.7/839T-m configured with coupling to the capacitor electrode at the high
voltage end. Numerous ports have been included for field

Average Radius 610 m probes, HOM damping tests and access for titanium nitride

Horizontal Tune 28.19 coating in the development program.
The codes SUPERFISH and URMEL were used to

Vertical Tune 29.18 calculate the Higher Order Modes (HOM) of the structure.
This data was then used to calculate the growth rates of
longitudinal coupled bunch instabilities using the Sacherer
formalism.2 The HOM frequencies, shunt impedances, Q's,
and the coupled bunch mode growth rates are given in Table
Ill. Analysis of transverse coupled bunch modes is in prog-

Work performed under the auspices of the Department of ress.
Energy
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The first two HOM's are associated with coupled to change the gap capacitance via a mechanically actuated
bunch modes with particularly fast growth rates of 6.7 s` and motion of the ground electrode. The preliminary design calls
3.9 s-1 respectively. Because of the low frequencies involved for a stepper motor driven lead screw to change the gap by I
classical mode damper designs (waveguides above cutoff, cm to provide 100 kHz of tuning. If implemented the mechani-
quarter wave notch filters) are excessively large. The trans- cal tuner would eliminate the need for the large low induc-
verse waveguide dimension can be greatly reduced by capaci- tance tuner disk which currently dominates the cavity design.
tive loading, but in general the length cannot. In order to The ferrite tuner design concept was tested on the
transmit the 67 MHz mode a cutoff frequency of about 50 prototype cavity by using dummy tuners constructed of 31A
MHz is required. The fundamental would then be attenuated coaxial line with a sliding short capable of providing the same
in the guide below cutoff as input impedance as the ferrite tuners. The resulting frequency

range was 220 kHz, slightly in excess of the predictions. A
V= Voe'P choice will be made on the tuner approach based on cost,

reliability and risk.
where z is in meters and 6 is the propagation constant in The voltage requirement is set by the requirement for

rad/s and is defined as a bunch rotation to rebucket the bunched beam into the 196
MHz system. This requires the accelerating system to adiabati-

S= 2 n2 cally reduce voltage from 300 kV to 45 kV to increase the
C 2  a 2  bunch length and then quickly step back up to 300 kV to rotate

the bunch. After a quarter of a synchrotron period when the
bunch length is at a minimum the 196 MHz system voltage is

with a being the waveguide width. Below cutoff 1 is imagi- raised to capture the bunch. Each system is being designed to
nary and the above exponential becomes negative and real. It provide 200 kV, for a total of 400 kV per ring to allow
would then require over 2 meters of waveguide length just to flexibility and future upgrade capability.
reduce the fundamental voltage by a factor of 10. Likewise a
quarter wave notch filter would require a length of 2.8 m, Table !11 26 MHz Cavity Longitudinal HOM's and coupled
1.4m even if folded back in half. Therefore there was an bunch mode growth rates
incentive to develop a lumped element mode damper. The ap-
proach being developed is a lumped L-C notch consisting of
a parallel arrangement of a high voltage vacuum capacitor and Freq. I4 Q Growth rate Growth rate
a short coil in series with the load resistor. Work is continuing (MHz) (MG) (10) sec '/mode# sec '/mode#
on this and alternate dampers. I (Gold) (Proton)

The tuning range required is set by the velocity 26.8 0.93 12 n/a n/a
change of gold between injection and top energy. The fre-
quency shift required is given by 64.8 0.038 15 2.8/34 6.7/31

S119.3 0.048 27 0.1/46 3.9/44f _hc.1- 1_
£- "-1T Y,2 205.7 0.009 36 <<0.1 0.24/10

287.9 0.111 23 < <0.1 0.15/34

Where c is the speed of light, C is the RHIC circumference 349.4 0.164 18 < <0.1 0.19/23
and h is the harmonic number. The frequency spread is then -

limited at the low end by gold at injection (y= 12.6) and by 3
protons at top energy (y= 2 6 8 .2 ) resulting in f=26.6537 to 427.0 0080 45 < <0.1 < <0.1
f=27.7435 respectively.

Tuning for compensation of beam loading falls within 479.6 0014 47 <<0.1 <<0.1
these limits since gold is below transition and the tuning is
positive while protons are above transition and the tuning is
negative. The maximum tuning rate is for gold at the begin- The amplifier is housed in a wheeled cabinet beneath
ning of the acceleration cycle and is 23 kHz/sec. the cavity to allow easy installation and removal. It utilizes an

Two tuner approaches have been studied in detail. EIMAC 4CW150000 in a grounded cathode configuration. The
The first used three discrete ferrite loaded transmission lines tube is used in class AB_l, with a quiescent current of 3A and
connected in parallel to the cavity via a large disk integral with an anode voltage of up to 20kV. A neutralization loop
the inner conductor to minimize the series inductance of the provides > 60 db of isolation between anode and grid. A 4:1
tuner connection.' The ferrite is a low loss perpendicular input transformer is used to drive the grid more efficiently in
biased garnet, Transtech G-8 10. The design predicted a 180 a 200 0 impedance. A simplified schematic is shown in Figure
kHz frequency shift, in excess of the required 100 kHz to 2. The machine cycle mandates beam gymnastics for ions at
allow some flexibility in operation. The second approach is transition crossing, and for protons and ions alike at beam
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MECHANICAL TUNER

FERRITE TUNER

Figure 1 Prototype Cavity and Amplifier with Conceptual Tuners.

rebucketing. Feedback performance to meet these requirements system has been tested to 70 Kv in air and is being readied
has been studied using PSPICE and a direct integration for vacuum pumpdown. Testing of tuners and HOM dampers
method.4 Assumptions include a delay of 6*18.73 = 112.7 has begun. Future work includes cavity conditioning under
nsec, which covers a 500 W ENI drive amplifier (33 nsec) vacuum, diagnosis and possible cures of multipacting, and the
plus 2*lOm of foam coaxial cable (2*36.7 nsec). Results development of the RF driver amplifier and implementation of
conclude that RF feedback can be implemented with a loop local feedback.
gain of a least 100 which meets the requirements of the beam
gymnastics. ACKNOWLEDGEMENTS
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Figure 2 Simplified Power Amplifier Schematic

!Il. CONCLUSIONS
A conceptual design of the accelerating system for

RHIC has been completed and a prototype system fabricated.
An experimental program has begun to explore in detail
system performance with high power. The cavity-amplifier
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OPERATION OF A HIGH-POWER CW KLYSTRODE
WITH THE RFQl FACILITY*

J.Y. Sheikh, A.D. Davidson, G.E. McMichael, L.W. Shankland and B.H. Smith
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada KOJ IJO

Abstract a reflected power level occurred. To provide further protection
and facilitate conditioning of resonant structures, a 250 kW

A high-power klystrode rf system for the RFQI facility at the coaxial circulator was purchased. It was initially used on the
Chalk River Laboratories (CR1.) has been manufactured by RFQ with the triode system to obtain experience with a
Continental Electronics Corporation (CEC), Dallas using circulator.
klystrode amplifier tubes developed by Varian, San Carlos.
The system consists of two units, each capable of 250 kW in Initial operation with the circulator up to 175 kW appeared no
pulsed or cw mode. The two units can be operated different from operation without it. However, attempts to
independently to drive two separate accelerator structures, or increase the power level beyond 175 kW resulted it- arcing in
together in a master/slave combination to drive one structure. the RFQ, which shut down (tripped) the rf system. After each
This system is the first high-power klystrode to power a cw trip, the subsequent power level attainable decreased until the
accelerator, and is a significant step in high-power klystrode power could not be raised above 20 kW. Because the RFQ
development, increasing the average power per tube by a had been easily conditioned to over 200 kW cw without the
factor of 5 (to 250 kW). Commissioning, initial operation of circulator, it was apparent that adding the circulator either
one unit of this system with the RFQI facility, and data introduced a new problem or nullified some mechanism that
obtained to date, is described, had prevented damaging arcs. Further analysis indicated that,

without the circulator, high reflected power from the RFQ at

I. INTRODUCTION an arc caused the triode gain to decrease, thereby lowering the
output power, allowing an arc to extinguish. With the

The RFQ I facility II] was the major component of a program circulator isolating the RFQ from the amplifier, the output

at CRL to develop 100% duty factor accelerators for power was unchanged. This level sustained the arc and

applications requiring high-current beams of protons or other sputtered a lot of copper onto the drive-loop ceramic window.

light ions. The accelerator was first built for an energy of 600 A test arrangement using a storage scope, an analogue scope

keV (RFQI-600), and later was rebuilt with new vanes to and a pulse generator was developed to sense high reflected

double the output energy to 1.25 MeV (RFQI-1250). The rf power and remove the rf drive for a few microseconds, to

system used for RFQI-600 and the initial runs of RFQI-1250 allow the arc to extinguish. This arrangement allowed the

was a gridded-tube system based on an RCA 2054 triode. RFQ to be reconditioned, and demonstrated the need for an arc

This system lacked flexibility and was becoming suppression circuit for operation with the klystrode amplifier.

unmaintainable. Late in 1989, an order was placed with An rf blanking module incorporating a similar control

Varian to develop and supply a new system that would include algorithm was subsequently developed for LANL, and was

two 250 kW cw klystrodes [2,31. In 1992 February, AECL used during cw beam and rf experiments with the klystrode

decided to terminate the cw ion linac development program, system (described in section V).

effective 1993 March 3 1. An arrangement was put in place to
transfer the RFQI hardware to the Los Alamos National III. DESCRIPTION OF RF SYSTEM
Laboratory (LANL), where it would be used to assist their
program. Consequently, there was only time to install and A block diagram of a 250 kW module is shown in Fig. 1.
commission one 250 kW module at CRL1; the second module Through three stages of amplification, the signal generator
was delivered directly from CEC to LANL. input of 10 mW is amplified to 250 kW with an overall gain

of -74 dB. The output of the solid-state amplifier, A2, is

II. FINAL OPERATION WITH TRIODE connected to the driver klystrode amplifier through a circulator
and a directional coupler.

The output windows of klystrodes require protection from the
effects of sustained high reflected power from a mismatched The EIMAC 2KDX I5LA driver klystrode is a UHF TV tube
load. Varian's original design used a signal from a cavity-gap rated for 15 kW peak power; however, in the modified circuit

sensor (installed at a suitable spot in the output cavity) to assembly, it supplies up to 4 kW cw. It is connected to the
decrease the rf drive via the output levelling loop if too high EIMAC 2KDXI6LA final klystrode through directional

couplers and a circulator. The final klystrode is connected to

"This work was partially supported by Los Alamos National the load via a 15 cm coaxial transmission line that

Laboratory under contract No, 9-X5D-7824D-I. incorporates directional couplers and a variable coupler, E4.
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within ±1%. The bandwidth of' this loop is > 500 k~lz,

2kl~t-d.sufficient to remove amplitude modulation due to ripple on the
buN' H V high-voltage power supply. The faster inner loop protects

th fnladdietuebyimiting the drive power if the

r J operator (open-loop mode) or the outer loop (closed-loop
I mode) requests a drive power that would make the reflected

-. power, output-window voltage, or driver-amplifier power
115"~ exceed safe operating levels. The output-window power

sensor signal has proved to be reliable and has replaced the
All cavity gap sensor originally used in the design.

I--- --- --- --- --- --- For operation into a resistive load, a forward-power-signal
A2 from a directional coupler can be used for the feedback signal

A I ~ . for the outer loop. The loop parameters are optimized for a

r.. loaded Q range of 2000 to 20 000. A capacitor to simulate
L~ the cavity Q is placed on the rf feedback controller circuit

L ~ -board, to provide loop stability when controlling power to a
resistive (low Q) load. The outer of the two f'eedback loops

Fig.1. F bock iagam f th sytemhas been designed to allowv operation of two 250 kW
Fig.I. F bock iagam f th sytemamplifiers in a "master/slave" configuration for a combined

output of 500 kW.

The variable load coupler uses tw~o Teflon slugs, which slide
on the centre conductor of transmission line. It matches the IV. INSTALLATION & SYSTEM
load at the tuned frequency by reflecting a voltage of PERFORMANCE
adjustable phase back into the output cavity of the klystrode.
Optical detectors mounted on the line generate signals to Both of the 250 kW rf systems were acceptance tested at CEC.
activate a blanking circuit that reduces the gain by 40-60 dB. T'he first completed system was shipped to CRL. Installation
A coaxial transition (15 to 23 cm) follows the variable began on 1993 January 04 and was completed, with first if
coupler. The connection to the circulator and the REQ I is via power out of the final amplifier, by 1993 February 02. An
23 cm transmission line. overview photograph of the installed amplifier is ,shown in

Fig. 2. The system was tuned to 267 Mliz and initially
The feedback loop, Al1, is a dual control loop. It has an outer operated into a'300 kW resistive load. The signal from th'e
loop that senses the output power level and adjusts the input output-window sensor was found to be somewhat larger during
to the solid-state amplifier, to kee p the output power constant operation at CRL than it had been at both Varian and CEC.

The upper limit of 500 mW allowed for this signal was

reached at an output power of only 237 kW, whereas
~ ~ J previously the observed signal was less than 400 mW at an

output power of 300 kW_ The time allowed for tests of the
amplifier was too short to allow a detailed investigation of this

280 6.0

5.5

240,

- ~5.0,!

160)

0Power Output .4
Beam Current-0

265 266 267 268 269
Frequency (MHz)

Fig. 2 Final klystrode amplifier Fig. 3 System bandwidth with system tuned at 267 Mliz
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VI. CONCLUSIONS

The beam operation was similar to that with the triode system.
Closed-loop beam operation was not achieved, but no "show-
stoppers" are expected. The pulse capability of the rf system

200 - significantly eased and shortened RFQ conditioning. Coarse
a- ,. tuning adjustments to change the amplifier frequency are easy;

1, - however, considerable fine tuning is required to achieve best

0 "efficiency (>70%) and final-amplifier gain (>22 dB). The

1, io U high, output-window, sensor-power problem is not yet
0, resolved, but should not limit operation at LANL. Cavity-gap

2U
0 no sensor readings were inconsistent; output-window probeSPawar Output~ readings proved much more useful as input to the protection

Deam Curmet -- a circuit.
40

J_....___....___....__ The successful tank and beam operation has demonstrated that
0.2 0.7 1.2 1.7 a klystrode is a suitable rf amplifier for accelerator cavities,

Drive Power (kW) and thus deserves serious consideration as the power source
Fig. 4 System linearity at 267 MHz for the next generation of high-power cw or pulsed

accelerators in the 0.2 to l GHz frequency range.
discrepancy, and since the power obtainable was sufficient to

meet the needs of the beam experiments with RFQI, the VII. ACKNOWLEDGEMENTS
problem was not resolved. Tuning errors that were initially
suspected now appear unlikely, leaving instrumentation Many people from CRL, CEC, LANL and Varian worked
differences as the most probable explanation. Varian now extremely hard to install, commission and test this system in
believes that the 500 mW limit is conservative, and has ethevery i ird tm ilable between system dn
reviewed increasing this limit if similar readings are obtained the very limited time available between system delivery and
following recommissioning of the system at LANL. The program termination. The authors would like to particularly
followidtng relom sionerin of the system ats d dinL the acknowledge the contributions of W.L. Michel and J.F. Mouris
bandwidth and linearity of the rf system observed during the in providing the software, beam diagnostics and beam
acceptance tests are shown in Figs. 3 and 4. production; G. Bolme (LANL), who helped with the control

and operation; and G. Thompson and R. Summers (CEC) and
V. OPERATION WITH RFQ R. Tornoe (Varian), who airected the installation and testing.

In addition, the authors acknowledge technical help provided
Prior to first operation with the klystrode system, the RFQ had by B. Chidley, C. Brown, P. Tallerico and D. Reid during the
been left unpowered but under vacuum for over four months. system specification stage, design review meetings and
Some reconditioning was required, but with the pulsing throughout the course of the development of the rf system.
capability of the new system it was much easier to break
through multipactor and to condition for high, cw power. VIII. REFERENCES
Beam acceleration was attempted immediately after the RFQ
would accept the design 150 kW cw power. Within three
days, a cw proton beam of > 50 mA was accelerated from ] G.M. Arbique, BaG Chidley, WS L. Michel,G.E. McMichael and J.Y. Sheikh, "Beam
50 kcV to 1.25 MeV without incident. As expected, Transmission and Emittance Measurements on the
transmission and emittance were similar to that observed ransmAcceleratr Proc. 11areAen. onft,

prevousy wih te trodcamplfie [4] Duing he eryRFQ I Accelerator", Proc. 1991 Particle Accel. Conf.,previously with the triode amplifier 141. During the very IEEE 91CH3038-7, p. 845.

limited time available for experiments before the

1993 March 31 shut down, minor incompatibilities between 121 J.Y. Sheikh and J.C. Brown, "Specification for High-
Power Amplifier Systems", unpublished reportthe level controller and the rf-blanking module prevented RC-189, available from Scientific Document

closed-loop RFQ-field control during beam acceleration. ributio Officalk rie L rie s, chalk

These incompatibilities were identified and necessary River, Ontario, KOJ L t0.

modifications checked out at the module level prior to shut
down; none appear to present serious long-term concerns. Po e CW Klystr o AmPie r for 267 Moz, tHese

Power CW Klystrode Amplifier for 267 MHz", these

proceedings.
141 (.M. Arbique, B.G. Chidley, G.E. McMichael and

J.Y. Sheikh, "Beam Parameter Measurements on the
CW RFQI-1250 Accelerator", Proc. 1992 Lin. Accel.
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Design and Results of a 1.3 MW CW Klystron for LEP

E.-G. Schweppe, R. Bachmor, E. Demmel
Philips HFPT Hamburg

Stresemannallee 101, 2000 Hamburg 54, Germany

Abstract
The development of a high power CW klystron proto-

type delivering 1.3 MW at 352 MHz is presented. The
design was carried out using CAE / CAD tools. Particular
attention was given to design optimizations with regard to
the modulating anode electron gun, the focusing system •- .... oV, .2.A. o ...... .for....... ...

and the RF region for a wide range of operating conditions - - - -

typical for accelerator applications. Two new technological 0 • 0o ...... •O
features were introduced, PHILIPS low temperature ____ ___

cathode for long life stable operation and a multipactor
suppression coating on the RF output window. Test and
operational results is included in the presentation.

7

I. INTRODUCTION / O /_0rV I ..... f . . I ...... f e....

For the increase of the LEP energy from 55 GeV to 100 '- . 2.0 .o- - -. -50 7W - C--

GeV additional RF units with superconducting cavities and0 D uo 1OOKV. I02A

1.3 MW cw klystrons will be installed in the LEP machine ' --- - -
by 1994. The design of the new klystron must be made such Figure 1. Static gun design
that it can replace the presently installed 1 MW cw
klystron. This restricted the development mainly in the
overall length. Testing one of our 1 MW klystrons YK 1350 as well as full power operation with an acceptable beam
in 1.3 MW operation we found a small decrease in ripple. A next step was to replace the "B" - type cathode by
efficiency and stability but all components withstand the the PHILIPS low temperature cathode which accomplishes
30% increase in power without failure. Main objective of the strong demands of long life stable emission, low
the 1.3 MW klystron development was therfore the evaporation rate, high current density and low working
improvement of stability and efficiency. temperature in modern electronic tubes. The PHILIPS low

temperature cathode [21 is a "M"-type cathode and consists

II. GUN DESIGN of a porous tungsten pellet matrix which is impregnated
with BaO, CaO and Al1_O 3 in a molar ratio of 5:3:2. The

The new 1.3 MW klystron is designed to operate at
three different operation points as:

1. 1.3MW 100kV 20A ,_65%
II. 1.0MW 88kV 18A q _63%
Ill. 0.7MW 77kV 15A i/ > 60%

The difficulty in the design of a high power klystron gun
with a modulating anode is to find a compromise between
full power and medium/cutoff operation. The first CAE
design with EGUN 11] was a confined flow beam without . .
ripple at full beam power (100 kV / 20 A, see Figure IA). ,.V

But when calculating the beam shape at lower levels of
modulating anode voltage as shown in Figure l B the beam
ripple increased more and more until it hits the drift tube
at a beam current of 2 A. Changing the shape and mag-
nitute of the focusing magnctfield we could get a final
design shown in Figure IC/D which fulfills cutoff operation Figure 2. SEM picture of OsRu coated "M"-type cathode
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angle one can observe an increase in modulating anode

100 1 ______ current and sidebandoscillations near RF carrier on output
signal. These instabilities have their origin in electrons,
which are reflected and accelerated in reverse direction by

___-___ __the high output gap voltage. Reaching the gain cavity they
build an internal loop which may cause oscillations. Figure

85

80 BEAM PROFLE

75 TIME-D- "W-ye0 •" 1(U-CYCLE)"V'-type 755h 2 :

7Q-9- 'M*'-type 8414h

65

60 E
Sao 850 900 950 000 Tb C)1050 "" Ti/

Figure 3. Underheating and liftime plot of cathodes 1 .

emission surface is coated with a film of osmium-ruthenium 3-
with a thickness of 0.5,um-lym. The work function is 0.2eV "'1 2T4

lower than that of the uncoated cathode. Therefore "M"- 1.... :.:.. ..

type cathodes can be operated at a temperature about 80'C
- 100oC lower than an uncoated cathode. A comparison of ,.
underheating behavior between "M"-type and "Be-type L-2!-, 2 CC 3T14
cathodes is shown in Figure 3 together with a life time .... ..
report. So 100 I5O 200

Z 1CM)

III. RF - DESIGN
ENERGY PROFLE

Computer simulations with the particle in cell code FCI 20( . TIME
[31 starting from the 1 MW cw YK 1350 RF design with 6 5 - .. f-acYC
cavities (5 fundamental, I harmonic) showed that an -1' -5'....." ."- 0
increase in efficiency could only be obtained by increasing 0 _ _"_ _,

the spacing of adjacent cavities. In order to keep the 200,
overall length of the klystron unaffected we droped one of-"
the two penultimate buncher cavities. During the ýs 100 T/4
optimization process we varied spacing and frequency of ' 0.
each cavity as well as loaded Q of output cavity taking into 20_

account efficiency, gain and stability at the desired dc 2T/
operational points. At the end of the optimization phase ..100... "- .'""'. 21/0,
we could obtain the calculated values listed in Table 1. : ________

T a b le 1 5 .. 2 0 0 .. . .._ _- - '

Calculated results of 1.3 MW klystron YK 1353 s100 . 3T/4

Ub/kV Ib/A Po/kW 7r/% G/dB 50 100 150 200
Z (IM)

100 20.0 1394 69.7 39.4
Figure 4. Beam and energy profile of YK1353

88 17.5 1070 69.5 39.9 under mismatch condition.

77 13.8 662 62.3 38.6

77 21.5 1010 61.o 41.6

4 shows a FCI simulation of a load mismatch operation

Klystrons with high efficiency tend to instabilities when (VSWR=1.5) at a phase angle which cause high gap

operating into a mismatched load. Depending on phase voltage. Besides the BEAM PROFILE where the location
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of the electrons is calculated in dcpendcnce of time, the intabilitics like sidebandoscillations occured. At 1.3 MW
ENERGY PROFILE is a good indicator for backstreaming output power sidebands appeared 45 dB or less below
electrons shown here with negative energies. Further carrier at transformed reflection phase angles around 0
simulations demonstrated that detuning the penultimate degrees.
cavity by a few percent to higher frequencies reduced
instable operation and did not affect efficiency. REFERENCES

IV. OUTPUT WINDOW [I] "EGUN: An Electron Optics and Gun Design Pro-
gram." W.B. Herrmannsfeldt, SLAC-PUB-0331 (Oc-

The output window is a forced air coold AI20 3 ceramic tober 1988)
koaxial window as it was used in the 1 MW tube. To
suppress multipactoring it is additionally coated with a thin [2] "Osmium dispenser cathodes", P.Zalm and AJ.A van
film of TiN. This is done by plasma supported CVD. Stratum, Philips Tech. Rev., vol.27, no. 3/4, pp. 69-75,
During RF processing and testing the coated prototype 1966.
window no multipactor accured even in low and medium

RF power range, while the older uncoated windows very [31 "High-Power Klystron Simulations using FCI-Field
often showed multipactoring. Charge Interaction Code." T. Shintake, KEK Report

90-3 (May 1990)
V. TEST RESULTS

The klystron was tested under different operational

conditions as shown in Table 2. A compariK;on to the
calculated results in Table I demonstrates excellent
agreements.

Table2
Test results of YK 1353

PHILIPS YK 1353
1.3 MWV cw Klystron 352 Mllz

Operating data

- 1.3 MW at 100 kV/ 19.3 A il = 67.5%
- 1.0 MW at 88 kV 17.1 A i1 = 66.5 %
- 1.0 NIW at 77 kV 22.4 A T = 62.)0%

-0.7 MW at 77 kV/ 15.2 A j = 60.3%

Typical data at 1.3 MW operation:

Bleam voltage 1000. kV
Beani current : 19.3 A
Anode Voltage 53.) kV
Drive power : 70.0 W
Gain : 41.0 dBl
Collector dissipation : 1.0 NMV
Body dissipation 16.0 k\V

Remarkable is the operation point IMW at 77kV/22.4A
with an efficiency greater than bU% and a beam pcrvcacc
of 1.05 p P. An overload test at 1.35 MW for I hour
showed no electrical or thermal instabilities. A load
mismatch test was also made with a movable teflon plate of
VSWR = 1.2 inserted in the wavequide between klystron
and matched water load. At 1 MW operation or below no
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Interleaved Wide and Narrow Pulses for the KAON Factory
1 MHz Chopper

G. D. Wait, M. J. Barnes, D. Bishop, G. Waters
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

Abstract developed for the KAON Factory performs in such a man-

A beam chopper is required in the transfer line between ner that every second burst is extracted [7]. Thus the
the I GeV/c TRIUITMF cyclotron and the Accumulator ring period of the extracted H- beam is 87 ns. In Figure 1 the
of the proposed 30 GeV/c KAON Factory synchrotronF cyclotron internal burst pattern and the extracted burst

of te popoed 0 Ge/c AONFacory yncroton.pattern are shown in relation to the chopper timing. The

The beam chopper must generate pulses with a magnitude beam chopper pattern as shown in Figure 1 will deflect a

of at least 9.5 kV with rise and fall times of less than 38 ns toal of perbeamtbursts wi 4 deflect a

(corresponds to kick rise/fall time of less than 39 ns) at a of exactly 4 accumulator periods of about 1 vis each. Ten

repetition rate of 106 pulses per second at a 100% duty cy-un-deflected between each chopper pulse
cle. The pulse pattern must be synchronized to the 23 MHz and these beam bursts are inter-leaved in such a manner
RF system for the TRIUMF cyclotron. Two different pulse that there are 40 consecutive beam bursts in the accumu-
widths are required to deflect a total of 5 beam bursts out lator ring and 5 consecutive missing beam bursts.
of every 45 beam bursts that are extracted from the cy-
clotron. The inter-leaved pulses will have flattop durations The angle of deflection e, from an electric field is
of more than 48 ns and 92 ns. Results of measurements] Vx ]
on a prototype chopper are presented where pulses of two O[rads] = arctan Id x p x [0 9 V/eV/c] (1)
different widths are synchronized to an RF synthesizer and
stored in a low loss delay cable. Rise and fall times of 20 ns where 3 x c is the particle velocity and p is the beam
to 40 ns have been achieved with 12 kV to 15 kV wide and momentum. The required deflection of 1 mrad can be
narrow pulses at 1.9 x 106 pulses per second continuous achieved with a set of plates 5 cm (d) apart in which the
operation. product of voltage, V and plate length, f is 37.7 kV.m.

Thus 9.5 kV pulses are required for 4 m long deflector
I. INTRODUCTION plates. The deflected H- beam bursts will impinge on a

stripper foil and emerge as H+ and be further separated
The TRIUMF cyclotron will be used as an injector for from the un-deflected H- beam by a dipole magnet andthe KAON Factory synchrotron. The beam chopper will directed to a 10 prA beam dump.

create holes of 108 ns duration in the 100 pA, 1 GeV/c H-

beam in the accumulator ring to allow enough time for the II. CHOPPERDESIGN CONCEPT
magnetic field to be established in the kicker magnets [3,4]
in each of the 5 rings. The H- burst period within the The 1 MHz chopper design concept has been described
cyclotron is 43.5 ns and the burst width is 2.4 ns with a extensively (see [5,8,9] and references cited therein). The
jitter of approximately 2.4 ns. Hence the effective gap be- cathode of an EEV [6] CYl170J 75 kW tetrode is con-
tween beam bursts within the cyclotron is about 39 ns. If nected to a negative high voltage power supply. The anode
the H- beam were extracted with the same pattern, as is
the case for H+ extraction, then the chopper "kick" would
require a rise and fall duration of less than 39 ns and a flat
top duration of more than 48 ns and 92 ns on alternate
pulses, as shown in Figure 1, so that 2 and 3 beam bursts
would be removed alternately at approximately I its in-
tervals. However the H- extraction scheme that has been

INTERNAL

nlD flh lflfll~l lfl~fll CYCLOTRON
XR BEAM4n 3 I ' I " I I A/

CHOPPER A A I ~ '
39n l I\1 1  i\ IL[ I\J . I I [ PULSE-H \BE'

PATER XI AFI i V LI

9 I2ns -I 4 8,,
997n$ -- 954ns 997ng

SHORW Ccmcurr

Figure i: Beam Chopper pulse pattern syinchronized with internal
cyclotron beam and extracted beam Figure 2: Lattice diagram of inter-leaved chopper pulses.
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of the tetrode is connected to two 50 (1 storage cable cables transmission line with a delay of 5 ns. The total one way
of approximately equal length. One cable is short circuited delay of the storage cables, including the 4 m long deflec-
at the far end. The far end of the other cable is connected tor plates and the tetrode connection, was 1079.8 ns when
to the center of a set of deflector plates which are config- the short circuit position was adjusted so that the delays
ured as a 100 Q strip-line and are center-fed to match the on either side of the tetrode were equal. This corresponds
impedance of the 50 0 storage cable. The deflector plates to a fundamental resonant frequency of 926.1 kHz.
are open circuit. The propagation delay in the two cables The pulse sequencer [2] counts the number of RF cy-
can differ by ±3 ns without any measurable degradation cles and generates timing signals that are used to synchro-
in performance. Thus as the cables temperature changes, nize the charge and clip timing for two different widths
the system can be synchronized precisely to the cyclotron of pulses. The synthesizer was set to a frequency that is
by simply changing the position of the short circuit stub. 45 times the required chopper frequency. The synthesizer
However the sum of the delays of the two cables must be frequency was 41.79 MHz rather than 23 MHz (cyclotron
accurate to within about I ns. frequency) due to the available length of the storage cable.

Figure 2 shows the lattice diagram of the double width The high voltage power supply voltage was set to -15 kV
pulse pattern at the tetrode and at the open circuit end of and the grid drive timing was tuned independently for the
the pulse storage cable. Alternate wide and narrow pulses narrow pulse and then for the wide pulse at 928.7 X l03
are shown in Figure 2 at the deflector plates. Since the pulses/s (41.79/45). The voltage pulses shown in Figure 3
deflected beam will strike a stripper foil in either direction were measured at one end of the 4 m long deflector plates.
the polarity of the deflector voltage is not important. The top two traces in Figure 3 show the narrow and wide

In Figure 2 the path of negative pulses is indicated by pulses obtained independently on the deflector plates. The
dashed lines and the path of positive pulses is indicated first negative and the first positive pulse in the narrow
by solid lines. The pulses reflected from the short circuit (wide) pattern is actually one pulse delayed by twice the
are reversed in polarity and those reflected from the open total cable length. See Figure 2 . The second negative and
circuit maintain the same polarity. There are actually two second positive pulse in the narrow (wide) pattern is the
narrow pulses and two wide pulses on the cable travelling in other pulse. These two pulses differ in magnitude by about
opposite directions. Alternate reflections from the remote 2 kV. Part of this is due to a baseline 2.5 kV peak to peak,
ends of the cables cause a voltage null at the anode when 232 kHz oscillation which is due to excitation of the A/4
the pulses are of opposite polarity. When the two narrow resonance of the total delay of the cables. However there
(or wide) pulses add together as a single negative pulse at is still an asymmetry in pulse amplitudes of about 1 kV
the anode of the tetrode, then the tetrode is pulsed on to which is present and is under investigation.
restore the leading edges (charge). When the two narrow The bottom trace in Figure 3 shows the wide and nar-
(or wide) pulses add together as a single positive pulse, the row pulses inter-leaved. The repetition rate for two widths
tetrode is pulsed on to restore the trailing edges (clip). The of pulses was 1.8574 x 106 pulses/s. This is almost twice
magnitude of the stored pulses are doubled at the deflector the required design repetition rate. The magnitude of the
plates. Storage cables which have a total delay of 2 ps are inter-leaved pulses is about 1 kV less than that of the inde-
required so that four pulses (2 wide and 2 narrow) can be pendent pulses. The peak magnitudes of the various pulses
stored to give a repetition rate of 106 pulses per second at in the 8 pulse pattern varied from 12 kV to about 15 kV so
the deflector plates. Note that the repetition rate at the that the useful pulse voltage is only 12 kV. The kick angle
tetrode is 1/2 of the repetition rate at the deflector plates
since the pulses arrive at the tetrode in pairs.

Ill. MEASUREMENTS

The prototype tests which were reported in Hamburg [5] 1
were carried out at 2.2 x 106 pulses/s, with one width of F -1
pulse. The prototype was upgraded with a new pulse se- -:
quencer [2] and with an increased length of the storage
cable. The base of the tetrode was re-configured and the -
screen power supply and the grid driver circuit were re- -0
designed to reduce the inter-pulse ripple [1]. The wide and -,
narrow pulses were controlled independently using the new _1:
timing control system which can be synchronized to the
23 MHz cyclotron pulse pattern. The length of the storage
cable was _•double that used for the previous results [5] so -4
that both wide and narrow pulses could be stored simul-
taneously. This keeps the repetition rate at = 2 x 106 -•

pulses/s and maintains the power dissipation at a reason- (40)

able level. The two cables were connected to the tetrode
as described in reference [5] as a lumped element 50 Q Figure 3: Measured wide, narrow and inter-leaved pulse patterns.
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of the smallest pulse would be about 1.25 mrad with 4 m due to the limitations on the grid pulser circuit which can
long deflector plates. The inter-pulse ripple which includes not quite handle the higher repetition rates.
a 232 kHz component is about 3.0 kV peak to peak which
is ± 13% of the pulse magnitude for the 12 kV pulses. The IV. CONCLUSION

variation in the kick strength from pulse to pulse is not The requirements for the prototype chopper are opera-
important since the deflected beam is directed to a beam tion at 1.025 x 106 pulses/s continuously at 9.5 kV with
dump. The average current in the 75 kW tetrode was 3 A kick rise and fall times (including phase jitter) of less than
when both pulses were present giving a total dissipation of 39 ns. The measured results show that the prototype chop-
45 kW. per can achieve operation at 1.9 x 106 pulses/s continu-

Table 1. ously at 12 kV or more with kick rise and fall times (in-
cluding phase shifts) of less than 39 ns, with one exception.

Measured rise and fall times (including jitter) to ±12 kV However the measurements show that at about 1 x 106
for the wide and narrow pulses independently and pulses/s the rise and fall times are all much :ess than 39 ns.

inter-leaved. The power dissipation in the CYI 170J tetrode, with 12 kV
Measured Pulse Timing (ns) stored pulses at 1.9 x 106 pulses/s is approximately 45 kW

Independent Inter-leaved which is well within the 75 kW rated dissipation of the
IndseEdgeepennt [ ter-le+Avd tetrode. This dissipation will be approximately halved at

Pulse% Edge0% P1 X 106 pulses/s. The inter-pulse ripple is about ±13% and

further study is required to reduce this to less than 10%.
2nd neg Narrow In future tests, the asymmetry in the pulse heights will be
Lead 20.0 30.8 investigated and the long term stability of the system will
Trail 21.5 28.8 be tested.
lit pos Narrow
Lead 23.9 28.6 V. REFERENCES
Trail 25.9 26.02Tai po2 Narrow [1] G. D. Wait and M. J. Barnes,"Pulse Width Control at

Lead 24.2 35.5 2 x 106 Pulses/sec and 15 kV for the KAON Fac-

Trail 23.2 30.9 tory Beam Chopper" to be published in the Proceed-

I-t neg Narrow ing of the ninth Pulse Power Conference, June 1993.

Lead 29.1 36.0 Albuqurque

Trail 28.9 29.8 [2] G. Waters, D. Bishop, M. J. Barnes, G. D. Wait, " A
2n' neg Wide Pulse Sequencer for the KAON Factory Beam Chop-

Lead 21.0 28.2 per" Proceedings of this Conference.

Trail 17.5 19.9 [3] M. J. Barnes, G. D. Wait, "Optimization of Speed-Up
Ist poe Wide Network Component Values for the 30 9 Resistively
Lead 25.0 32.0 Terminated Prototype Kicker Magnet" Proceedings of
Trail 20.8 22.6 this Conference.
2nd pos Wide [4] M. J. Barnes, G. D. Wait, "Kickers for the Kaon Fac-
Lead 25.0 33.4 tory" Proceedings of XVth International Conference
Trail 22.0 23.5 of High Energy Accelerators (HEACC'92), Hamburg,
V' neg Wide July 1992.
Lead 31.1 40.1 [5] G. D. Wait, M. J. Barnes, "Results for the 75 kW Pro-
Trail 25.5 28.3 totype 1 MHz Chopper at 100 % Duty Cycle" Proceed-

ings of XVth International Conference of High Energy
Table 1 shows a summary of the measured leading and Accelerators (HEACC'92), Hamburg, July 1992.

trailing edge durations (At, 15% to 90% of-±-12 kV)) which [6] English Electric Valve Co. Ltd., Chelmsford, Essex,
includes timing jitter of the 8 voltage pulses for indepen- UK.
dent and inter-leaved pulses shown in Figure 3. The timing [7] R. E. Laxdal, private communication.
jitter was measured relative to the period of the grid drive
and varied from 0 to 8 ns depending on the pulse edge be- [8] G. D. Wait, M. J. Barnes, C. B. Figley, "Results for
ing measured. The rise and fall times were all measured the 150 kW Prototype 1 MHz Chopper at 100 % Duty
from 15% to 90% since the inter-pulse ripple shifted the Cycle" Proceedings of Power Modulator Symposium,
baseline of one of the inter-leaved pulses to about 14% of Myrtle Beach, S. Carolina, June 1992.
12 kV. The 10% to 90% rise and fall times were measured [9] G. D. Wait, M. J. Barnes, "An Alternative Design
for all but one pulse and were found to differ from those Concept for a 1 MHz Beam Chopper for the KAON
shown in Table 1. by only I or 2 ns. The rise/fall times + Factory" Proceedings of Power Modulator Symposium,
jitter for the independent pulses are as much as 11 ns less Myrtle Beach, S. Carolina, June 1992.
than that measured for the inter-leaved pulses. This was
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CONSIDERATIONS REGARDING THE EFFICIENCY
OF HIGH POWER RF SOURCES FOR PARTICLE ACCELERATORS
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THOMSON TUBES ELECTRONIQUES

Bit. CHAVEZ - B.P.121
78148 Vdlizy cedex /FRANCE

1- INTRODUCTION screen to cathode voltage.
Recent advances in accelerator technology are now making The loss in efficiency is around 5%. This effect is minimized
possible the operation of high duty factor or CW facilities, by operating with a high load impedance as seen by the tube,
Emphasis is therefore frequently put on accelerators i.e. with very high voltage and a low anode current.
designed not only on purely technical factors, but also on Class-A operation doesnot generate harmonics; other classes
coqt criteria. From this point of view, the efficiency of high of operation generate harmonics, whatever the quality of the
power RF sources feeding the electromagnetic power to the tube linearity.
accelerating structures becomes an important issue in the Finally the gain changes inversely to efficiency and increases
design of a modern accelerator. from C-class. In scientific applications, it is frequent to
It is thus important to consider the efficiency of high power operate in B-class to take advantage of a good efficiency
RF sources in a very objective manner and to examine while kceping a large enough gain. Table I shows the results
advantages and drawbacks for each possible RF generator. obtained with TH 526 tetrode operated at TORE-SUPRA
The objective of this paper is to give a broad survey of this for Ion Cyclotron Resonance Heating (ICRH) experiments.
issue and to clarify this performance and its consequences. ,'AMF.- R

R| FREQUENITY 80 120 2N0 hill,

2 - GRIDDED TUBES AN'ODE VOLTAGFE 24 is 24.2 LV

Like all RF sources, triodes and tetrodes used in accelerators SCREEN GRID, VOLTAGE 17.% 17-O . N

convert dc power provided by the HV anode power supply CONo, G ,I DIAS VLA ,3 o 3ý0 ,

into RF power. The efficiency depends largely on the class AODE ,,C ,r0 ... .

of operation and also the quality of the amplified RF signal. SCREEN GRID DIRECT CURRENT S 5 2.7 A

The theoretical efficiency of a gridded tube is given by: CONTROL GRID DIRET CURRENT 4 4 2.5 A

ANODE DISSIPATION 760 660 680 kW

P= 0 -sinQ Cos x Ix V2 t5fPfiO. ER ' 2 :.i 2 MW

sinO - 6 cosO 2 Vpo #PEWA DRIVE POWER 70 60 510 LW

where 0 is the passing angle of the anode current, Vp is the PULSE DURATION ,o30 , 30 2.10' S

peak RF voltage and Vpo the dc anode voltage. ____"_____.... _'/• -

When a sinusoidal signal is applied between the cathode and TABLE I EXAMPLES OF OPERATION FOR Tli 5Z6 T•-7RODE

the grid, three classes of operation are defined :
A- class : variation of the anode current is sinusoidal; the 3 - KLYSTRONS
maximum theoretical efficiency exceeds 50%. At low level In a conventional klystron, the efficiency A is usually defined
the efficiency drops to zero; all the power is dissipated on as the ratio of the RF output power Po to the beam power
the anode. (cathode voltage x cathode current), without taking into
B- class: the anode current flows for only a half period; the account the heater consumption and the focusing power (if
maximum theoretical efficiency reaches 79% and is only any). Due to the high gain of the klystron - at least 35 to 45
slightly degraded with a diminution of the output power. dB - the RF drive power has no incidence on the efficiency.
C- class : the anode current flows less than half a period; This efficiency Ai is called interaction efficiency, and
with a 600 passing angle, the maximum theoretical efficiency corresponds to the conversion in the output circuit of the
is 89,5%. kinetic energy of the bunched electron beam into RF energy.
Beyond these usual classes of operation, it is possible to The main factor affecting efficiency is the perveance:
increase the efficiency by working in D- class with a square K = Ib, x VbI= -3/2

wave obtained by adding the 3rd harmonic to the directly related to beam space charge forces. Fig.1 shows
fundamental signal. how efficiency increases with perveance and there is no
Because of the relatively low gain of the tetrodes and non doubt that 80% efficiencies could be obtained.
negligible consumption of ancillary power supplies, there is The physical explanation of this relationship is the following:
a significant difference between the conversion efficiency - As also perveance increases, the electron density in the
discussed above and the overall efficiency, which takes into bunches also increases, and repulsive forces between
account dc power, RF drive power and heater power applied electrons make this bunching less and less sharp and
to the tube. Also operational efficiencies are less than efficient. Since the bunching is deteriorated, a increasing
maximum values because of the residual anode to cathode number of electrons comes out of the optimum phase for
voltage which must be of the same order of magnitude as the interaction with the electromagnetic fields in the cavities,
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especially in the output cavity. Some of them are completely mismatched, the efficiency decreases according to the
out of phase and pick up energy form the RF instead of RIEKE diagram. Further more, over a large phase range of
providing it. the mismatched load, the impedance seen by the bunched

beam is such that the RF voltage induced across the output
VNV cavity gap is too large, greater than the accelerating beam

voltage (Vo-AV). Therefore some electrons are reflected

200 PoUT,.KV. 2 Elff.c.ency towards the cathode, causing beam interception and
1 Ia,4As-.60rad 1% dangerous breakdowns. As a consequence, a high efficiency

0 _ klystron does not accept a load with large variations of
S. . .. VSWR and phase. This point is often minimized or omitted,

70 and a difficult trade-off is always necessary between
--UT 60 efficiency and the range of possible load variations. This fact

10 5 is particularly important in RF heating of plasmas, which are
I ,0 very unstable loads.

0 5- DEPRESSED COLLECTORS
Depressed collectors are often seen as a solution to increase
efficiency. Their design includes several electrodes whose

Perve ..... K voltages are gradually distributed between the ground and
cathode potentials. Electrons coming from the output

FIG. 1: RELATIONSHIPS BETWEEN EFFICIENCY,
CATHODE VOLTAGE AND PERVEANCE (KLYSTRONS) cavity - with a velocity dispersion A6/6 related to the

magnitude of their interaction in this cavity - are slowed
down in the collector and ideally arrive on the electrodes

- Another reason is related to the beam dynamics. As soon with a small velocity. For a given design, the collector
as the beam enters the first drift tube, the electrons efficiency depends on the velocity dispersion.
encounter electrostatic repulsion from other ones already Depressed collectors are really attractive if some conditions
traveling in the tube. This AV depression becomes significant are met :
as the perveance increases and is deeper on the axis than on 1) The interaction efficiency is low-, the advantage of
the edge. depressed collectors is high because of the increasing margin
Because the beam velocity and therefore the output power between the interaction efficiency and the overall efficiency.
are related to V b,.. - AV, and not to V t, efficiency It is the case for traveling wave tubes, especially under
decreases as the perveance increases. operating conditions where energy is expensive, as in space
Beam diameter variations, laminarity and radial density (table II).
variations play also an important role and explain why the OVERALL EEEICIENCS

magnetic focusing field must be carefully adjusted along the P/N IFQECN R,• poW, N 2 STAOES I I STAGES 4 STAGES

beam path from the cathode to the collector. The diameters TH 126W,,-dO, .0 . , 9 kV 1 45% 5 -.n

of the drift tubes and beam are also important design T. 3 .1.. KRd , , " 4.7 k.v 24% ' ' '4 /
parameters, because of their incidence on the space charge rARBL ii. EFFICIENCY OF TWT, FOR SPACE APILICATIONS %KTH DEPRESSED COLLECTOR'

forces and the coupling between the beam and cavities.
The design of the interaction structure of a klystron must 2) The tube is not used at saturation, i.e. for
provide bunches as sharp as possible at the entrance of the telecommunications and some TV systems.
output cavity. This is why many codes (1 and 2 1/2 codes, Z 3) Voltages and powers are moderate, so depressed
and time stepping, PIC...) have been developed to improve collectors do not involve too much technological complexity
the design of the RF structure and subsequently the or too many operational difficulties for the product.
efficiency. As a consequence of the use of such codes, some The interest of depressed collectors is limited to certain well
high efficiency klystrons include a second harmonic cavity in defined cases, and they do not appear to be valid at high
the RF structure, but the effectiveness of such a device is not power levels.
commonly accepted.

6 - INDUCTIVE OUTPUT TUBE
4 -EFFECT OF VSWR ON KLYSTRON EFFICIENCY This tube combines features of two types of tubes:
The interaction efficiency we are talking about is the - gridded tubes for the grid excitation
optimum efficiency obtained when the RF power is delivered - klystrons for the gun optics and the internal use of
to a matched load (VSWR = 1 : 1) Around saturation, a resonant cavities.
klystron can be considered as a generator of current and When a klystron works in A-class and therefore has
maximum efficiency is obtained when the internal impedance theoretical efficiencies limitations, an IOT may be biased in
is equal to the load impedance. When the load is B-class or C-class. Efficiency is as high as 60% were
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reported at nominal power levels of some tens of kW in 7 - MULTIBEAM KLYSTRON (MBK)
UHF-range (TV broadcasting). These efficiencies do not The MBK concept originates from the search for a trade-off
drop below 35 to 40% at low RF levels (fig.2). between the following features :

- As high an efficiency as possible.
- As low beam voltages as possible.
- Use of proven technology and intrinsic advantages - gain,

frequency range,... - of the klystron.
Basically the MBK is a microwave tube in which several

-...... electron beams in parallel propagate across a common RF
interaction structure (cavities) in a single vacuum envelope.

2- For a given output power, this arrangement gives a
high current and low voltage tube. Since the length of the

0 RF structure is approximately proportional to the square
root of the voltage, a significant reduction of size can also be
obtained.
Because the perveance of each individual beam can be small,
the interaction efficiency is high (fig.1). Table III shows
comparative data of klystron and MBK; 39 kV is enough to
obtain 1 MW of output power with the 0.78 pperv perveance

FIG. 2 TYPICAL EFFICIENCY OF AN ,OT of each beam.
(10 To) 100 % RF POWER / 2 GRID BIAS VOLTAGES1

KLYSTRON Ma I R MK i MBK

FREQUENCY 352 MEH 425 MRH 1 $50 M5h 1700 MH
OUT'TPUT POWER (CW) 1300 kW 1000 k% 1000 k65 8"0 k65
CATHODE VOLTAGE .00 kV 39 kV i 3M.5 kV 40 kV
NUMBER Of BEAMS BCURENT I * 20A 5 S.7A I 7 6.5A 6 . 64A
EFFICIENCY 65% 65% 1 5% 56%
GAIN/DRIVE POWER 42 dR/ So% 45 d0/ 30 W 450 dB/ 30 H 4250/5•0 I A
GIN LENGTH 75 -ra/OIL 35 -r/A1R 35 eM/AIR 30 4,a/AIR

- OVERALL LENGTH 4,75 m 2.95. 2.20 135 Ii! mOVERALL DULMETER (WTTH MAGNET) 1 90 C. c 36 -m 3 1.

FIG. 3: INTERNAL VIEW OF A MB( STRUCTURE OVERALL WEIGHT (WITH MAGNET) 1 2150 KS 650 k9 k 1  45Wk09 .
WATT/GRAMMM RATIO 0.60 W/j 1.34 W/g 1,72 V/$%V .7 /g

Apart from this advantage, and other ones such as small size TABLE III - COMPARATIVE DATA OF HIGH POWER ELYSTRON AND NMISEAV

and low weight, this device suffers some drawbacks:
- Beam voltage is significally higher than the corresponding TTE has carried out R&D on MBKs and manufactured a

klystron voltage, development model to verify the theory and prove the
- The gridded gun is complicated and has to handle higher feasibility of such a concept. Experimental results are

electric fields between electrodes; so risks of breakdown and consistent with computations and show that this device could
failures are increased, be suitable for high power, high efficiency RF sources to be

- With a value around 18 to 20 dB, the gain is within 2 to used in scientific applications. Indeed it simplifies technology
3 orders of magnitude below the gain of a klystron; so the equipment with lower voltages and a higher power to weight
driver becomes an item which cannot be neglected in terms ratio. Further developmental work will investigate the
of size and power systems. domain of operation of such a device.

- Because of high beam voltage, X-ray shielding is a more
important issue than for klystrons. 8 - CONCLUSION

- The design of the tube induces a limitation at high Efficiency is a key feature of modern RF sources because of
frequency;, a klystron does not have so stringent limits. its technical and economical implications. High power RF
In conclusion the JOT seems to have a field of operation sources include many high efficiency electron tubes, but they
limited to UHF frequencies at a power level of a few tens of generally require high voltages, with all the drawbacks
kW CW or average, where an interesting efficiency may be involved. MBK are not yet a well explored solution to
obtained. combine high efficiency and high voltage. However, they
Finally, the most common way to obtain high efficiencies could provide a cost effective and reliable answer to RF
remains to design the microwave source with a low transmitters and modulators for scientific applications.
perveance. To get the same amount of power, it is necessary
to increase the beam voltage (fig.1). High efficiency devices,
such as magnicons, gyrocons or JOTs, are always tubes
characterized by low beam perveance, operating with beam
voltages significantly higher than klystron voltage; as a
consequence of the use of high voltages, power supplies,
modulators and HV links become bulky, quite expensive and
less reliable.
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1 - INTRODUCTION I SPE C Ti4O T 22111t

H- ions are injected into the SSC boosters and main ring at ITS SPECICATON i I Týpica

a energy of 600 MeV by means of a three stage injector. It OPERATING FREQUENCY MH, 427.617 432 433.33

is composed of a RF quadrople, a drift tube Linac, both RANDOITH f-I dJB MHz 1 I 0.7,

operated in UHF-band, and a coupled cavity Linac operated OPURATING DITY C0CLF o. I 3-3

in L-band at the third harmonic of the two first stages. These R" PULSE WIDTH 100 1000 222

Linacs are powered by two types of klystron, and their VIDEO P ULSE WIDTH 110 1100 225
procurement contracts were awarded to THOMSON REPETITION RATE Hz 10 00 150

TUBES ELECTRONIQUES in October 1991. A design PEKOUTUT POWER 4 2 6

review held in January 1992 finalized the proposed design GAIN 8B 00 46 50

and fixed the final details concerning the operation and
specifications of the tubes optimized for SSC requirements.
Since November 1992, the commissioning of both type of BEAM VOLTAGE 130 95 Ig

klystrons has been underway and several tubes of each type BEAM CURRENT A 80 00 03

have so far been accepted in accordance with the tight
contractual schedule. It is expected that all deliveries will be TABLE I COMPARATIVE SPECIFICATIONS OF SSC KLVSTRONcompleted by the end of 1993. FOR DRIFT TUBE LINAC AND TWO EXISTING fTE KLYSTRONS.

3 - TH 2140 KLYSTRON FOR RFQ AND DTL
2 - MAIN FEATURES OF KLYSTRONS FOR SECTIONS
SSC INJECTOR LINACS 3.1. GENERAL DESIGN
RF operation of SSC injector Linacs is characterized by two Based on the design already used and successfully proven
main features [1] : with other high power klystrons produced by ITE, the
- The use of one Radio Frequency quadrople (RFQ) at 427.6 TH 2140 klystron is cathode-modulated and has a built-in
MHz and two successive Linacs operated at the same focusing magnet and a single window directly mounted on
frequency for the drift tube Linac (DTL), at the third the output waveguide (Fig.1). It completes the already
harmonic frequency for the coupled cavity Linac extensive family of UHF high power, long pulse klystrons
(CCL)coupled cavity Linac (CCL). poue yTEfraclrtrapiain Tbel)

- The operation in long RF pulses, which reach a lOOps produced by TTE for accelerator applications (Table IT).

duration. R'IF c•" •Ot E A I , .. ......PI FREQU'ENCY PEAK A\'Gr (rain3 LEUNGTH

At the end of the DTL section, the beam energy is 70 MeV , I" FCY ,h LTG ,,•T r..

and the peak RF power supplied to the RFQ is estimated at ... .. 0 . . . . .
600 kW. DTL operation requires 3 MW peak power per .... .. ' 'CIS02 I ;00 (5%, 40 115 *5 40•

klystron, which are designed and tested up to 4 MW to give ..... ' '0 j 1 %. '.. 2.3..TH 211g 3 ) i .3 6

a large margin for operation reliability. These values are ... 20 " .....
consistent with performances obtained with other types of ..... 12 2, 15 . . .0
klystrons previously developed by TTE (Table I). 1150 .. 5i 'S 5 '2 -

To accelerate H- ions from 70 to 600 MeV in the CCL ......

accelerating sections, the unit peak power requirements per TABL 11 MAIN CHARAM-RISnCS OF HIGH POýEfk JONG Pti-S_ 0 FREOI FICN M K0 STRo1-•

klystron are more demanding. Each L-band klystron will Because of the very low duty cycle and resulting very low
have to provide 15 MW peak power in operation, and its average power, it was possible to accept a slight reduction of
contractual performance in acceptance test is 20 MW peak the gain and efficiency. Such a trade-off allows a four-cavity
for the same reason as above. A special klystron design was design instead of the usual five, and significantly saves on
necessary to provide sound tube operation at the required length, weight and cost.
pulse duration.
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Mode 1

/3
0
CL

Mode 2

10 20 30 40 50 60

Input power (W)

FIG. 2: GAIN CHARACTERISTICS FOR TH 2140 KLYSTRON

PARAMETERS UNITS SSC TI 2140
SrECIFICATION EXPERIMEN7TAL RESULITS

RF PHASE VARIATION
VS.BEAM VOLTAGE ./V 0.5 0.9023

FILAMENT VOLTAGE o/V 0101 .. 4.soetýd
SRF DORIVE POWER s/d4 t0 3.9

Il(G. I :TII 2141) KIY•SIHO RIF AMMITU, E VARIATION
VS-BEAM VOLTAGE 91/% 0., 0.1

.FILAMENT VOLTAGE dB/ 0.1 .41 dolodod

2 d HARMONIC 30 -40

3.2. EXPERIMENTAL RESULTS. 3,4 HARMONIC ,,30 -0ISPURIOUS B.60 < -40

As previously mentioned, the TH 2140 klystron provides RF TABLE IV - STABILITY CHARACTERISTICS OF TH 2140 KLYSTRON
power to the RFQ and DTL sections and so is operated at
two different modes. Table III summarizes the results
obtained in these two operating conditions, as compared with 4 - TH 2143 KLYSTRON FOR CCL SECTIONS
SSC specifications for the 4 MW nominal mode.

PARAMETERll U0 T tO,,,•.•,.,IS 4.1. GENERAL DESIGN
SPECI"It'At'IONS MODE I MOIDE bu,_,.OR MODE I/OTL, IT,. IFQ Stimulated by the requests issued for RF-Linac driven free

RI FREQIENV, MH,. 427A-I, 427A' 4271.1 electron lasers, the state of the art in high power, long pulse
BANDWIDTH (-,d., M11. I I klystrons reached 20 MW peak power for 20 microseconds
"DUTY CYCLE &. Is. 0.,% or 10 MW peak for 250 microseconds in L-band a few years
RI PULSE .IFITH to t..) 108 ,® ago. Table V summarizes the main data for some L-band
REPETITIN RATE H. o 0 , long pulse klystrons manufactured by TTE.
PEAK OUTPUT POWER MW 4 4.1 0.02

G;AIN 81 4 (.1m) 41L 42508 t41U 04pr nI-v *1 tL -c o.4o440 ~
EFFICIENCY 40% (.il) 4 51% I1., .

REAM VOLTAGE kV . ( ) , 7 H 2104 A ISO 60 26
TL 2i15 1300 2.5 150 48% 43 1000 sREAM CURRENT A a (MA) 61 20 Th 2115 1 05 ISO 44 .3 'W 94

TH 2113 1300 4 56%l 5-1 a0 IZO i
FOCUSING MA(;NET POWER kW 3.9 T420981 300 7.5 s0 45% 4 100 141 1"

TABLE III : COMPARISON BETWEEN SSC SPECIFICATIONS M 4104 I i S 45. 40 15 25 IS
IO 10 4% 44 255I t1l 1314AND TH2140 TYPICAL EXPERIMENTAL RESULTS

TI21.4 L , I."0 M 12IN 45% 20 1* I'

Phase and amplitude stability of the RF source are very I 252i0 1 1o 5 . 0 "5 45 235

important features for accelerator designers, as well as gain .......
curve smoothness. Special care was taken during tube tests .. ..... M ......... T .

to detect any anomaly concerning these data. Figure 2 shows After an initial request for 50%s pulse length, the SSC final
typical gain curves for modes I and II and Table IV compiles demand called for 20 MW peak for 1001.s. This could not be
the stability measurements in mode I, as witnessed with the met with the standard designs implemented on existing
SSC. tubes. TTE had however anticipated this evolution towards

higher peak powers and longer pulses expressed by
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accelerator designers, and an internally funded R&D -" 11 PH R1,• I III,.I
PA.M Ii VktI PEt ORl 4,TION

program was initiated in 1990 to develop a new generation I) k. MODE I Io.I

of high power, long pulse klystrons for both L-band and S- ,ui
band applications [2]. ,I ,•,•M Slit,

The first application klystron to benefit from this effort is the I.NI.,HT. -Id.I MB" .
TH 2143 (fig.3), which reuses the basic technology of other Dill' ,,t .,

VIDEO MULSE WIDTH A

REPETITION RATE H, ".-

-PEAK OUTrPUT POWER MW z~

"EFFIC'IENCY ',7'.

BEAMI VOLTAG;E kV 10

BEIAM CURRENT A 26 1

FOCUSING; MAGNET POWER kW` V

TABLE VI: COMPARISON BETWEEN SSC SPECIFICATIONS

AND TH 2143 TYPICAL EXPERIMENTAL RESULTS

20'
Mode l

S16'

S12 ,

0

Mode 2

40 80 120 160 200

Input power (N)

FIG. 4: GAIN ('HIRACTERISTICS FOR TH 2143 KLYSTRON

FIG. 3: TH 2143 KLYSTRON

5- CONCLUSION
Two types of klystrons have been designed by THOMSON

L-band klystrons, except for the gun. This has been TUBES ELECTRONIQUES and are in production to equip
redesigned to decrease inter-electrode electric fields and the SSC injector Linacs. The commissioning of first tubes
electrode temperatures. The resulting modifications allows occurred in fall 1992 and the production is now under way
the TH 2143 to withstand 230 kV HV pulses as long as in agreement with a tight delivery schedule. Design,
120ps. manufacturing and test stages were carried out in a very

cooperative manner between SSC and TIE to meet SSC
4.2 EXPERIMENTAL RESULTS requirements. With the successful development of the
TH 2143 klystron also has two operating modes at 20 MW TH 2143, able to reach 20 MW peak in pulses of 100ps in
and 2 MW peak. Table VI gives the results obtained in both L-band, extensive possibilities are now open to klystrons; a
modes, as compared with SSC specified values for the future S-band klystron with similar features is now under
nominal operating mode. Figure 4 shows typical gain curves development, and will be an appropriate solution for long
for both modes. pulse S-band linear accelerators.
Also stability in operation has been carefully checked and
measured during acceptawice tests; results obtained are below REFERENCES
the specified values. [I] L. Warren Funk, "The SSC Linac", 1992 Linear

Accelerator Conference Proceedings, EACL-10728,
OTrAWA, ONTARIO, CANADA.
[21 J.C. Terrien, G. Faillon and Ph. Guidee, "RF Sources for
recent linear accelerator projects", 1992 linear Accelerator
Conference Proceedings, AECL-10728, OTTAWA,
ONTARIO, CANADA.
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Simulation of Traveling-Wave Output Structures
For High Power rf Tubes*

Kenneth R. Eppley
Stanford Linear Accelerator Center

PO Box 4349, Stanford, California, 94309

Abstract mission line. We discuss how these problems affected our

Travelling wave output structures can in principle pro- early modelling attempts a'id the progress we have made
vide higher efficiency and lower surface gradients than a in overcoming them.
single output cavity. We discuss simulations of TW struc-
tures designed for X-band klystrons to be used in the SLAC
NLC. The PIC Code CONDOR [1] calculated efficiency The output circuit that was used in the SLAC XC7
over 50 percent for one such circuit. When the circuit was klystron originated with Phillips based on results from the
built in the SLAC XC7 klystron, the match was so poor 1-D HARMON code. The circuit had four cells plus a
that it had to be modified. When tested, the tube pro- waveguide which intersected the drift tube directly, rather
duced less than half the efficiency calculated. We subse- than through an iris to an output cavity. The intention
quently found significant differences between the field dis- was to operate in a 24r/3 mode. The operating conditions
tribution calculated by CONDOR versus that from the were 440 kV, microperveance 1.9. The cell radii were mod-
3-D code MAFIA [2]. We have now developed a proce- ified by the author based on the results of CONDOR sim-
dure which gives much better agreement between the 2- ulations. A buncher section designed by Lien gave I1/Io
D and 3-D models. We use a r/2 disk-loaded structure, of 1.5, much higher than previous bunchers used in the X-
with the waveguide coupling to an output cavity through band klystrons. The 2-D simulations predicted efficiencies
an iris, rather than directly to the drift tube as in the over 50 percent, with peak power of about 120 MW and
XC7. The disk radii are tapered to produce an approxi- peak surface fields under 100 MV/m. When the circuit was
mately constant gradient. The output coupling is adjusted modelled with the 3-D code MAFIA, the match was poor,
to match to a uniform structure replicating the cell before with a VSWR of 8:1. The fourth cell radius was then re-
the waveguide. The simulations predict 75 MW, 49 per- duced to produce a better match. The circuit was mounted
cent efficiency, with peak surface fields of 73 MV/m. from on a rebuilt version of the XC5 klystron. The tube pro-
a 440 k V, 350 amp beam at 11.424 GHz. duced about 50 MW, similar to the XC5 at short pulses,

but performed more poorly than XC5 at long pulses. The
I. INTRODUCTION rebuilt tube did not have the improved buncher used in

The NLC design at SLAC requires a klystron pro- the design. We believe that the discrepancy between the
ducing at least 50 MW peak power at 11.424 GHz with CONDOR simulations and the experiment was due to in-
a pulse length of at least 800 ns. A single gap output correct modelling of the 3-D effects of the waveguide. The
cavity would break down under these conditions. An ex- analysis was complicated by the narrow bandwidth of the
tended output circuit should provide lower gradients and structure. This caused the simulations to be very sensitive
potentially higher efficiency. We have studied several disk- to the mesh size. To deal with this problem we borrowed
loaded travelling-wave output circuits at SLAC. Our main a method used in the MAGIC code. We partially fill the
design tools have been the 1-D TWT code HARMON and outer radius of the cell so that the average radius is much
the 2-D PIC code CONDOR. In CONDOR, we model the closer to the desired value.
buncher cavities with the port approximation [3]. In the We subsequently resimulated XC7, using the fourth
output section we model the actual geometry of the disks. cell radius as built rather than as initially designed, and
The coupling to the waveguide is imposed as a port bound- using the actual buncher section. The code predicted
ary condition on the outer wall of the last cell. This be- 46 MW, agreeing fairly well with the experiment. Since
haves like a radial transmission line whose impedance we XC5 and XC7 produced almost identical power for short
can adjust. We can also adjust the coupling by adding a
reactive phase to the impedance, or alternately tune the pulses with very different circuits, the simulation agree-outpt cel h adjstig it diensinsment does not prove that the fields in the model were in
output cell byv adjusting its dimensions, good agreement with the tube. A MAFIA cold test of the

There are two main difficulties we have encountered. circuit was compared to a CONDOR cold test, both driven
For narrow band circuits, a very fine mesh may be required by an antenna on axis upstream of the input cell. A fre-
to accurately model the geometry. In addition, the non- quency scan showed four resonant peaks, which would not
axisymmetric nature of the coupling to the external waveg- be present for a true travelling wave structure. Thus the
uide is not always correctly modelled as a radial trans- circuit was operating in a hybrid mode, partially standing

wave and partially travelling wave. The actual operating

* Work supported by the Department of Energy, con- point was about 100 MHz above the 31r/4 mode, about
tract DE-AC03-76SF00515. 200 MHz below the 7r mode.
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With no external waveguide, both MAFIA and CON- cell and the aperture of the iris were varied to obtain the
DOR agreed well to URMEL calculations of the resonant best match. For CONDOR, the radius and the impedance
frequencies. With the coupling, the two central resonances of the port was varied. In both cases the input and output
merged in a broad peak in the 2-D model, but not in the cells were always adjusted to be identical. When we got
3-D model or in the lab. Comparing both 2-D and 3-D the best agreement between CONDOR and MAFIA, the
models at the frequencies where each put the 37r/4 mode, radius of the output cell in CONDOR was much closer to
we found a substantial discrepancy between the field am- the value of the other cells than in MAFIA. Because CON-
plitudes and phases. Retuning the output cell in the 2-D DOR does not allow a variable mesh, the matching needs
model (by adding tuning stubs) it was possible to recover to be checked and possibly readjusted whenever the mesh
the four peak resonant pattern, and, by careful adjustment, size is changed. Alternately one can make small adjust-
it was possible to get agreement with MAFIA for all the ments to the geometry of the structure to make it more
phase shifts to within .1 radian. The phases also tracked closely approximate the results one would obtain with a
well when the codes were compared 100 MHz above the very fine mesh. The mesh used was relatively coarse, with
37r/4 mode. However, the amplitudes still showed sub- only six points modelling the rounded end of the disk. We
stantial differences. Although the number of nodes in the obtained very good agreement between the 2-D and 3-D
field patterns were the same, the location of the peaks was field distribution, with amplitudes agreeing to about 10
shifted. From our findings below, we believe the discrep- percent (normalized to the power level) and phases agree-
ancy is due to the strongly non-axisymmetric nature of the ing to better than .1 radian.
waveguide when coupled to the drift tube without an out- The first match we thought we found with MAFIA
put cavity. proved to be spurious. The reflection coefficient was very
III. CONSTANT GRADIENT r/2 STRUCTURE small but the fields in the cells were unequal. When an

extra cavity was added, the reflection coefficient became
We learned of a different approach that had been de- larger. This is worth mentioning because the 2-D model

veloped by Symons and Begum at Litton while designing continued to track the 3-D model closely when the extra
a klystron for the DOD (through TRW). They used a four cell was added. We obtained a true match with further
cell, disk-loaded structure, but with a 7r/2 phase shift and variation of the cell parameters, and again were able to get
with varying disk radii to maintain an approximately con- good agreement between the 2-D and 3-D field patterns.
stant gradient for all cells. This structure also had a very Now the cell amplitudes were all nearly equal, and the
broad bandwidth. This was not essential for SLAC, but reflection coefficient remained small when another cell was
makes the design simpler by making the results less sensi- added.
tive to small changes in the dimensions. This circuit used We then studied the cold properties of the tapered
a cavity with a coupling iris in the fourth cell rather than circuit, using the matching conditions on the last cell de-
a waveguide only. The coupling was adjusted for the best termined above. We took care to keep the same mesh
match when looking into a long uniform structure repli- size so that the modelling of the last disk and cell would

rating the cell before the waveguide (making both disks be unchanged. The tapered circuit was initially designedthe radius of the downstream side). The tapered disk radii by Phillips using URMEL and SUPERFISH. The authorwere predicted to compensate for the beam so as to give made some small modifications to make the match better
a good match with the beam present. A linear variation and the voltages more uniform.
of beam energy with position was assumed. Symons' de-
sign assumed the beam energy became zero at the end of Generally we have done cold test calculations with a
the circuit, but we assumed 50 percent. Symon also as- single antenna, ususally on axis or across one of the cavity
sumed constant rf current, but we assumed a linear decline gaps. We discovered that a volume phased array of anten-
to 30 percent. The disk radii were chosen to produce ap- nas can give a much better approximation to the behavior
proximately uniform fields strengths for each cell, based on of a beam. The array extends over a cylinder with radius
URMEL and SUPERFIStl calculations. The cavity radii equal to the beam, with constant radial current density.
were adjusted to have 7r/2 phase shifts at the operating The phases change with phase velocity equal to the beam
frequency. There are some ambiguities in this process, as velocity. A further refiniement is to taper this velocity, as-
the phase shifts vary with radius, and the analysis of a suming a linear variation in beam energy through the cir-
periodic structure based on a single cell gives quite differ- cuit. The current can also be tapered linearly if desired.
ent results depending on which of the unequal disk radii is This new driver is a better design tool for the tapered
used. Fortunately the design is fairly robust. circuits than a single antenna, making it more apparent

whether the gradients are constant and whether the phaseThle matching was done using a uniform structure, as shifts are correct.

described above. We modelled a five cell structure with

input and output couplers and three inner cells identical We also used a current array with the exact current
to the cell before the waveguide. We did this with both and phase distribution (with no radial variation) produced
CONDOR and MAFIA to see if we could obtain the same by the simulation with beam. The result agreed very
field distributions. In MAFIA, the radius of the coupler closely to the full beam simnumlation. This calculation is
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much faster than the particle simulation. It is also useful
in checking the results with a finer mesh, and may be used
for 3-D simulations with MAFIA, which otherwise would
be very costly.

The preliminary CONDOR results from the tapered

circuit are highly encouraging. With almost no experimen-
tation, the design produced 49 percent efficieihcy (75 MW).
The peak surface field was 73 MV/m. The beam was 350
amps at 440 keV, perveance 1.2, with 11/Io = 1.5. The rf
current was produced with an imposed velocity and dcn-
sity modulation. Wright has designed a buncher which is
predicted to produce Ii/Iaol. 6 .

Table 1.
Field Pattern in the Output Structure (Hot)

Cell E. on axis Phase Shift Peak Surface Figure 1. MAFIA simulation of XC7 output structure.
(MV/m) (radians) Field (MV/m)

1 14.7 38.1
2 14.6 -1.66 60.4
3 14.6 -1.85 60.6
4 20.5 -1.04 72.8

IV. FUTURE WORK
We will redo the simulation with a buncher-modulated

beam. We will perform a parameter study to further op-

timize the performance. We will model the tapered struc-
ture on MAFIA to assure that the field pattern is being
represented correctly by CONDOR.

V. CONCLUSIONS
It is possible to represent a disk-loaded output struc-

ture reasonably well with a 2-D model, if one couples the Figure 2. MAFIA simulation of 5 cell coupler used
waveguide to a cylindrical cell through an iris, uses a broad to match the 7r/2 structure into the waveguide
band circuit, and uses 3-D modelling to verify the field
patterns. We have designed a circuit using a 7r/2 mode
tapered to give a constant gradient which simulations pre-
dict will give high efficiency with moderate gradients. . s•

IV. REFERENCES
[1] B. Aiminetti, S. Brandon, K. Dyer, J. Moura, and D. _. •
Nielsen, Jr., CONDOR User's Manual, Livermore Com-
puting Systems Document (Lawrence Livermore National 50
Laboratory, Livermore, CA., April, 1988). -2

[2] T. Weiland et al., "MAFIA, Das universelle Software- "__
System fur elecktromagnetisches CAD," the MAFIA Col- . ,. . .-4•0{ -. 20? 0. . :d .0 3 .60
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[3] K. Eppley, "Algorithms for the Self-Consistent Simula-
tion of High Power Klystrons," SLAC PUB 4622, Stanford Figure 3. CONDOR simulation of 7r/2 structure (not to
Linear Accelerator Center, May 1988. scale). Electron position space distribution distribution is

[4] R. Begum, private communication. February, 1993. shown. Horizontal scale is Z, vertical is R.

1192



Upgrade of an RF Source of the Linac for the B-Factory Project

S.Fukuda, S.Anami, Y.Saito, S.Michizono, K.Nakao and I.Sato
National Laboratory for High Energy Physics (KEK)

Oho-1, Tsukuba, Ibaraki, 305 Japan

ABSTRACT modulator in the klystron gallery has been operated to study
the total performance of an rf system including SLED

The B-Factory project is a future plan at KEK requiring an cavities[4].
energy upgrade of the KEK linac from 2.5 GeV to 8.0 GeV.
This paper describes an upgrade plan and recent progress Table 1. Possible Plans for B-Factory RF Source
concerning the rf source. A test to increase the if power using
the existing 30-MW klystron is being carried out and an Unit Present TWRR SLED-3 SLED-4
output power of 51.5 MW has been obtained by increasing the Modulator
beam voltage up to 310 kV while optimizing the focusing pulse energy J 84x3.5 84x3.5x2 <- <
magnetic field. Tests using a 60-MW klystron are also peak power MW 84 155 131 101
planned. The choice between upgrading of the present width its 3.5 3.8 4.5 5.5
klystron and the use of a 60-MW klystron depends on the voltage kV 22.5 -<= =
pulse-compression system to be adopted. The most efficient PFN impedance £2 6 3.3 3.9 4.7
way regarding costs is being surveyed in order to use the
existing components, such as the focusing magnet and the Pus rnfre
pulse transformer with only slight changes. step-up ratio 12 15.7 14.6 13.5

IINRD TONV~t MV.pts 0.95 1.3 1.5 1.7

K~lstron
An energy upgrade of the linac for the KEK B-Factory beam voltage kV 270 352 329 304

project has recently been proposed. The B-Factory rings will beam current A 295 439 397 352
be nominally operated at 8.0 GeV(e-)x3.5 GeV(e+). It beam power MW 84 155 131 107
requires an energy upgrade of the linac from 2.5 GeV to 8.0 rf width ±ts <2.0 2.3 3.0 4.0
GeV for the direct injection of the beams to the rings. The rf peak max. MW (36) 67 56 46
energy upgrade of the linac is planned along with a power rf peak av. MW 26 60 51 41
increase of the klystron and a suitable pulse compression.. BemEey

There are two candidates as the pulse-compression 1B1.34E.88r2.
mult. factor1 1.4 .8 20

system; a traveling-wave resonant ring in the accelerating eeeg/0uisGV >. . . .
structure (TWRR) and a SLED system [1]. We have already eeeg/0uisGV >. . . .
developed and tested both systems, which are being installed III. HIGH POWER KLYSTRON
in the linac to evaluate their performance 1[21.

Specifications of a high-power klystron depend on the
type of the pulse-compression system. Table 1 shows the The currently available S-band klystrons and their
parameters of rf sources for a TWRR case and two SLED characteristics are listed in Table 2. A Toshiba E3712 klystron
cases with different pulse widths[3]. The parameters in Table and a SLAG 5045 klystron have been excluded since their
1 are introduced with the assumption that one-pulse output large size does not fit our existing system
energy from a modulator is twice as large as in the present A 60-MW klystron required in the TWRR case is being
system. Since the beam energy in this Table is calculated developed by two Japanese tube companies independently;
based on the present 40 klystron units, it is necessary to add both have succeeded in producing 60 MW as stated in Table 2
several units for 8.0-GeV acceleration. The required klystrons and shown in Figure 1. The single output window is adopted
are 60-MW klystrons for the TWRR case and 46-MW in both tubes. These tubes will be tested in our facility in June
klystrons for the SLED case if a pulse width is chosen to be 4 with the collaboration of the companies. Their focusing
,.tsec. electromagnet and pulse transformer with a step-up ratio of

1:15.5 for 350 kV operation were designed and manufactured.
II. THE REINFORCEMENT OF A The upgrading of the existing 30-MW klystrons is being

MODULATOR developed at KEK. We have been using 48 30-MW klystrons
for the 2.5-GeV acceleration of e'/e+ beams (V0=265 kV,

Two pulse modulators are to be reinforced based on the P0 =33 MW rating). Several tubes are the low-gradient type
plan given in Table 1. They are installed in the klystron test with a large curvature of the gun electrode and anode in order
hall and the klystron gallery to test klystrons. The main parts to reduce failures due to the arcing in the cathode region
which were replaced in the modulator are IVR's, charging (PV3030A2) [5]. A simulation analysis of the PV3030A2
choke transformers, PFN's and tl'yratrons. Particularly the with the FCI code 16] suggested the possibility that it can
PFN connected with two 20-section PFN units in parallel is produce more than 60 MW of an output power at a 350 kV
adopted in order to produce a pulse of a 4 pasec width. The beam voltage with reasonable efficiency. From this simulation

0-7803-1203-1/93503.00 0 1993 IEEE 1193



Table 2. Various Candidate Tubes for the KEK B-Factory Project

Vendor Type Voltage Current Rep. Pulse Output Efficiency Average Total Running Comment
Width Power Power Length Data

(kV) (A) (_9ps) (ILS) (MW () M WM (m)

Toshiba E3712 400 482 (54) 6.7 80 43 18 1.9 ILCx2 Double windows
Pohang

SLAC 5045 350 414 180 3.5 67 46 42 1.7 SLACx240 Double windows
KEK-Test

Toshiba E3726 347 380 50 2.0 62 47 6.2 1.7 Toshiba Single window
Prototype

MELCO PV 347 440 20 2.0 62.4 41 2.5 1.5 MELCO Single window
3060 Prototype

MELCO PV- 265 300 50 3.5 33 42 5.8 1.3 KEKx49 Low Gradient
3030A2 Single window

KEK- PV- 310 370 50 4.0 51.5 44 10.2 1.3 KEK- Test Under developing
Test 3030A2 Large High Vol. Seal

the characteristics of the tube were found to strongly depend output window of the klystron was measured; 22 °C of the
on the focusing magnetic field near to the output cavity region temperature rise was observed at P0--46 MW, 4 jtsec, 40 pps
[7]. A tentative test of the 30-MW klystron up to a beam conditions. The temperature rise changes linearly to the
voltage of 300 kV was carried out with a low duty rate to average output power. It was found out that the window
prevent the tube from failures due to a high voltage ceramic worked normally up to that rating. This window material is a
seal and an output window. At that level a peak power of 47.3 high-density pure alumina of 99.7% (HA997) and has a very
MW with a reasonable efficiency of 44% was obtained. The low tan8 value. Recently, the failures of the klystron output
focusing magnetic field was varied in order to keep the beam window that uses another material have been observed,
loss in the drift tube small by measuring the water temperature therefore the reliability of the tube window seems to be a key
rise at the output cavity region. After obtained this test result, point regarding klystron performance. The evaluation of the
we replaced a high-voltage ceramic-seal with a larger one in window performance will be continued by operating it in the
order to increase the insulating length. klystron gallery, where the evaluation of a SLED system is

70 iperformed at the same time.
70 ToshibO The application of a higher beam voltage than 310 kV is

K PF Spec, E 3726 being planned in order to study the maximum capability of
60 Sp' 60MW Tub,,/ this tube in June using a newly-developed modulator and

50 -- --- 5.W pulse-transformer. In the future a slight modification of the
,-V 21 ,gun of the tube might be necessary since the average pulse

•40 current density of the cathode reaches 8A/cm 2.
f°I ,T • / MELCO

60a..'ME LCOS30 i- ' "--'----- ---= : P v3o6o --
',\ 60MW Tube 5 IV. FOCUSING MAGNET AND PULSEA 7 I -____L 5 .

0 201 .45-• TRANSFORMER
I~ S-

1o0 ;P, P 24oW Const. 35= There are 41 permanent magnets and 7 electromagnets: -- which are currently in use as focusing magnets of the
250 265 300 350 klystrons [8]. The test results previously mentioned show that

V, V) the maximum of the focusing magnetic field is about 1150 G.
Beam Voltage This exceeds the available maximum field of the permanent

magnets presently used. The existing electromagnets are
Fig. 1 The output characteristics of the PV3030A2 possible to be used. We can expect the low manufacturing

klystron and the 60-MW tubes. costs for these magnets, since their sizes are small comparing
with the focusing magnets for 60-MW klystrons. Figure 4

A second test was performed using this improved klystron gives a size comparison with other focusing magnets to mate
up to a beam voltage of 310 kV. At this level a peak output the tubes listed in Table 2.
power of 51.5 MW with an efficiency of 44% was obtained It is necessary to reinforce the existing pulse transformer
under the condition of a repetition rate of 30 pps, a beam of which step-up ratio is 1 : 12. These pulse transformers are
pulse width of 5.5 jisec and an rf pulse width of 4 ltsec. The operated without a core reset bias. Therefore, the size of the
limit was set by the modulator of the test stand. These test cores has been chosen to be larger compared with the other
results are shown in Figure 1. Figure 2 shows the output pulse transformers that are operated at 270 kV [8] . We are
power characteristics with the variation of the focusing changing the windings of the primary and secondary slightly
magnetic field. Figure 3 shows the output waveforms of the to obtain a step-up ratio of 1 :13.5. We reuse the same cores,
beam pulse and the rf. In this test the temperature of the
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so that the size of the primary winding frame must be made shape at 300 kV. (time scale 1gsec/div.)
smaller in order to increase the insulating space between the pulse transformer is about one third of the price of a newly

manufactured one.

V. FUTURE WORK

__ teA survey of the possible upgrade plans for the rf source of
the B-Factory project will be continued this year. The final

-0 -specifications of the rf systems will then be determined.
Running data to evaluate the reliability will be accumulated

60 50 40 30 20 0 '".01 68 \58 48 381 28 18 0 by installing them in the klystron gallery and being used for
(cm) (cm)

routine operation.
50 --- . . 51.5 MW The evaluation of 60-MW klystrons and the higher voltage

L 40 2 3 operation of a PV3030A2 tube will be carried out in the near
: 40 ELC0 -- - future. A window study and the necessary modification of the

STEST1  .'j PV3030A2 will also be continued.
30C

20 0- --~ ~ -Magnetic FieldSof FC Simulation REFERENCES
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HIGH-POWER RF PULSE COMPRESSION WITH SLED-II AT SLAC*
C. Nantista, t Z. D. Farkas, N. M. Kroll,1 T. L. Lavine, A. Menegat,

R. D. Ruth, S. G. Tantawi, A. E. Vlieks, and P. B. Wilson
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309

Abstract of the delay lines is determined by the desired width of

Increasing the peak rf power available from X-band the compressed pulse and must be an integer number of

microwave tubes by means of rf pulse compression is en- guide half-wavelengths. As the wave emitted from the

visioned as a way of achieving the few-hundred-megawatt lines changes amplitude at discrete time intervals, given
power levels needed to drive a next-generation linear col- by the round-trip travel time, a flat output pulse can be
lider with 50-100 MW klystrons. SLED-I1 is a method produced. This makes SLED-II useful for the acceleration
of pulse compression similar in principal to the SLED of long trains of bunches. It also increases intrinsic effi-
method currently in use on the SLC and the LEP injec- ciency and reduces the peak-to-average field ratio in the

tor linac. It utilizes low-loss resonant delay lines in place compressed pulse.

of the storage cavities of the latter. This produces the
added benefit of a flat-topped output pulse. At SLAC,
we have designed and constructed a prototype SLED-Il Let s be the iris reflection coefficient. Let td be the
pulse-compression system which operates in the circu- delay time given by 2L/v., where L is the delay line length
lar TE0 1 mode. It includes a circular-guide 3-dB cou- and vg the group velocity in the line. Define an integer
pier and other novel components. Low-power and initial compression ratio C, as the ratio of the input pulse length
high-power tests have been made, yielding a peak power to td. Finally, let 2r represent the round-trip field atten-
multiplication of 4.8 at an efficiency of 40%. The system uation parameter. Then, during the time interval begin-
will be used in providing power for structure tests in the ning at t = n t

d, the emitted field for constant input Ej
ASTA (Accelerator Structures Test Area) bunker [1]. An can be expressed as
upgraded second prototype will have improved efficiency (1 -s 2) e- s)r
and will serve as a model for the pulse compression system Ee(n) = (I - n e-n27)E,.
of the NLCTA (Next Linear Collider Test Accelerator). 1 - se-2r

I. INTRODUCTION Superposition with the iris reflection yields the output

Originally conceived by Fiebig and Schieblich [2] in Eot(n) = Ee(n) - sEe, n = 0,1, ..., - 2.
1988 and independently developed by Farkas, Wilson and At time i = (Cr - 1)td, the phase of the input pulse is
Ruth [3] at SLAC, SLED-lI is an extension of the SLED shifted by ir, so that the waves add and we get a com-
[4] pulse compression technique. SLED uses high-Q reso- pressed output pulse of duration Id with amplitude
nant cavities to store energy during most of the duration
of the incoming pulse. One compressed-pulse-time from Ep = Eou.G(C - 1) = Ee(C(. - 1) + sEi
the end, the phase of the input is reversed. The field f(1-s 2 ) e-2

7 -2[)C,- + E (1)
reflected from the coupling interface then adds construc- . . + s E
tively with the field emitted from the charged cavity, and 1-se-2 L
the stored energy is extracted. The cavities are imple- For a given C., and r, s can be chosen to maximize Ep.
mented in pairs and fed through a 3-dB coupler so that The power gain and compression efficiency are
the outgoing power is directed away from the source. A
distinctive feature of the SLED output is the exponential G = (Ep/E )

2 , and ri,• = G/C,. (2)
spike of the compressed pulse, characterized by the time
constant of the cavities. The theoretical limit on G is nine. Realizable sys-

In SLED-Il, the resonant cavities are replaced by long terns with finite compression ratios will have somewhat
resonant delay lines. These can be lengths of low-loss lower capabilities. There is an inherent inefficiency of this
waveguide, shorted at one end and iris-coupled to adja- method due to power emerging before and after the com-
cent ports of a 3-dB coupler at, the other. The length pressed pulse. A table of the optimized iris reflection,

ideal gain, and intrinsic efficiency 71i for several compres-
* Work supported by the U.S. Department of Energy sion ratios is given in Table A. The effect of component

under contract DE-AC03-76SF00515 and grants DE-FGO3- losses can be considered as the efficiency %c of round-trip
92ER40759 and DE-FG03-92ER40695. reflected transmission through the coupler and an effi-

t Visitor from Department of Physics, UCLA, Los Angeles, ciency 11L due to the delay line loss. The latter is plotted
CA 90024. versus round trip power transmission in the delay lines for

t Also Department of Physics, UCSD, La Jolla, CA 92093. different compression ratios in Figure 1. The efficiency of
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pulse compression can then be thought of as connected by a longitudinal coupling slot. The slot is
introduced and removed adiabatically to preserve mode

T)PC = bT~iT~cTL. (3) purity. The proximity of the coupler guides necessitates
circular waveguide offsets to further separate the axes and

allow connection to other components. These were de-
Table A signed using generalized telegraphist's equations to mini-

mize mode conversion. This prototype coupler requires its
own vacuum manifold because it was machined in halves

2 .500 1.56 .781 and bolted together.

3 .548 2.66 .887

4 .607 3.44 .860 Rectangular
6 .685 4.48 .746 Waveguide

8 .733 5.15 .644 \ Load Vacuum

10 .767 5.62 .562 lj"D Pumpout Iris Circular

12 .792 5.98 .499 90*0 Offset/ Waveguide

Bend •3W
3,,dB,,,, 3dB

SKlystron Coupler Taper Adjustable
1.00 .d"Short• s optimized •
o.o5C, Mode Transducer Drive/Phase Shifter

to TE0 1 Circular 7--

0.9 Guide
17 L 0 Figure 2. Schematic of high-power SLED-Il sys-

0.85 -- / tern.

0.80 '15 10
The irises were designed by the KKY method as de-

000scribed in reference [7]. They are inserted before the ta-o.9%. 0.92 0.94 0.98 o.9a8

Round Trip Power Transmission (e"1) pers where excited higher order TE0o modes are cut off.
A reflection coefficient of about 0.8 was chosen in antici-
pation of running with a compression ratio of 12 for struc-
ture tests. The irises were machined from stainless steel

Figure 1. Compression efficiency of delay lines flanges and copper plated for improved conductivity.
with optimized s. The delay lines are each composed of about 33' of

III. COMPONENTS OFIIC copper circular waveguide. Non-linear tapers be-

The schematic layout of our SLED-lI system is shown tween the 1.75" diameter used in the rest of the system

in Figure 2. The frequency of operation is 11.424 GHz . and the 2.81" diameter (for reduced wall loss) of the delay

Overmoded waveguide is used to keep transmission loss lines were provided by General Atorics, San Diego, CA.

down and to achieve low-loss high-power delay lines. Tie The same company provided the corrugated 900 bends

TEo1 mode in circular guide was chosen for its unpolarized used in the power transfer lines. Vacuum feedthroughs at

nature as well as for the fact that its attenuation constant the ends of the delay lines allow us to electronically tune

drops faster with increasing guide radius than that of any aluminum shorting plungers. This is done via MDC step-

other low mode, quickly becoming the smallest, ping motors controlled with a PC. Finally, the system is

As the klystron output and load or structure input evacuated via pump-out vacuum manifolds inside which

utilize rectangular (\VR-90) waveguide in the fundamen- the waveguide is interrupted by 6" stacks of 15 carefully

tal TE 1o mode, efficient mode transducers between this aligned copper rings with support rods recessed from the

and our circular mode are a necessary part of the sys- inner diameter. Tie gaps do not disturb the TE0 1 mode,

tern. Rather than standard Mari6 transducers, we use a as it involves no longitudinal currents.

compact design based on an old KU-band device and de-
veloped at SLAC. This component is described in detail

in reference [5]. Non-vacuum tests were made first, with power lev-
The TE91 3-dB coupler was also designed and built els of a few hundred milliwatts. The shorts were placed

at SLAC.[6] It is basically a copper block, about a meter on the offsets to measure the transmission loss from the
in length, with two closely spaced 1.75"-dianmeter bores inpqut port, to the final output port. of the 3-dB coupler.
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The round-trip loss of the coupler with offsets was deter- their length to test a longer fill-time structure. New short-
mined to be approximately 7.5% ± 1% (q, ,-, 0.92). The ing plungers will contact the wall in places to maintain
iris reflection coefficients were calculated from power mea- better perpendicularity with the guide axis. The 3-dB
surements to be 0.805 ± 0.005. The loss per round trip coupler will be replaced either by a more compact, bet-
in either delay line was determined from the steady state ter machined, vacuum-brazed model, or by a rectangu-
backwards wave to be about 4.6% ± 0.3%, and the de- lar waveguide coupler attached to four of our successful
lay time confirmed to be 75ns. The delay line waveguide, mode transducers. The 900 bends may also be replaced
taken from an old experiment, has imperfections, result- by rectangular guide and mode transducers. Finally, new
ing in less-than-ideal performance. pumpout sections will be engineered and possibly be in-

The SLED-II system was then assembled with the cluded in the delay lines. It is hoped that this second
mode transducers on the pump-outs and a PSK (phase prototype will have adequate efficiency to meet the goals
shift keyer) in our drive system. The shorts were adjusted of a SLED-I1 system for the NLCTA [8].
differentially to minimize reflected power and together to
maximize compressed power. The power gain was mea-
sured for different compression ratios as plotted in Fig-
ure 3. (Note: s not optimized for each Cr.) The mea-
surements are consistent with the measured component
losses, as shown by the solid curve. An output waveform
recorded for C, = 12 is shown in Figure 4.

6

4

U 3

S--Ideal (loless) Gain, a=.805 --

* -- Gain With Theor. Delay Line& I
2 Hybrid Wall Loases -468 0 532

S-- Measured Galn "--3 100 ns/div 741 1A3

FIT KRND. TRIP LOSSES: Hybrid-8X. Delay Llnes-4.SX Figure 4. Output waveform for C, = 12.
°0 1 1 1 1 1 1 1 o 1t 12 t 14 15l VI. REFERENCES
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Abstract
The magnicon is a new type of high-efficiency

deflection-modulated amplifier developed at the Institute of
Nuclear Physics in Novosibirsk, Russia. The prototype /
pulsed magnicon achieved an output power of 2.4 MW and
an efficiency of 73% at 915 MHz. This paper presents the
results of a rigid-beam model for a 700-MHz, 2.5-MW 82%- CMA

efficient magnicon. The rigid-beam model allows for
characterization of the beam dynamics by tracking only a CAV I r

single electron. The magnicon design presented consists of a
drive cavity; passive cavities; a pi-mode, coupled-deflection
cavity; and an output cavity. It represents an optimized ._

design. The model is fully self-consistent, and this paper ,.IT
will present the details of the model and calculated
performance of a 2.5-MW magnicon. IV,

I. INTRODUCTION .?, 7T,

The magnicon is a descendant of the gyrocon [1], a
deflection-modulated amplifier. Like the gyrocon, the
magnicon consists of an electron gun, a deflection cavity,
possible passive intermediate cavities, and an output cavity.
In both devices, the deflection cavities are TMtt 0 mode. The
magnicon improves on the gyrocon in two ways: it uses a Figure 1. Magnicon architecture.
confining magnetic field to improve gain and improve the
electron dynamics, and it substitutes a cusp field for a second goal of the model is to confirm that a multi-megawatt
deflection field in the beam transport to the output cavity. magnicon may operate at a reasonable voltage (below 180
The use of the magnetized beam in the magnicon makes the kV) and still maintain its operating advantages over
beam's deflection more circular and even reduces the beam competing generators. The computer model is much smaller
loading in the cavities, as predicted by Nezhevenko [2]. than the fully three-dimensional codes that account for
With a low-emittance input beam, and using high voltages to space-charge, such as ISIS [6], but the intent is to include all
minimize beam spread, the magnicon appears to operate at the essential physics and develop a design code for the
frequencies as high as 11 GHz, but the device is certainly magnicon that can run on smaller computers. A novel
easier to build for operation at frequencies under 1 GHz. method of assuring self consistency and energy balance is
Magnicons operating at high voltages and at many GHz are also presented.
being developed both in the U.S. [31 and in Russia, primarily
as the RF source for the Next Linear Collider. However, the IX. ENERGY-BALANCE APPROACH TO
experimental evidence to date [4] indicates that the electron SELF-CONSISTENT SOLUTIONS
dynamics in the magnicon are complicated, and it has been The energy-balance approach to calculating the self-
difficult to verify the predictions of magnicon computer consistent solution for cavity amplitude and phase follows
models. thesesteps:

For the past two years, we have been developing a 1. Select an initial value for cavity field amplitude.
computer model [51 of the magnicon. This model is fully 2. Determine the phase that extracts the most power from
three-dimensional, relativistic, and self-consistent, although the beam. This phase is the self-consistent cavity phase.
space-charge forces are neglected. The goal of the model is 3. Calculate the power dissipated in the cavity walls for
to show that high-efficiency magnicons operating at the current value of cavity field amplitude.
frequencies below I GHz are better than competing RF 4. If the power dissipated in the cavity walls is equal to the
amplifiers for high-power, CW accelerator applications. A power provided by the beam, then the cavity field
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amplitude is the self-consistent solution for the cavity instantaneous electric field value at the center of a time step
amplitude. With the self-consistent phase from Step 2, is multiplied by the change in z, Az, and the beam current.
the self-consistent cavity field has been determined. The variation in Az for the constant time step weights the

5. If the conditions of energy balance are not satisfied, numerical integral. For example, as longitudinal velocity is
then the cavity field amplitude estimate is updated and transferred into the transverse direction, Az decreases,
the process repeats, starting at Step 2. lessening the contribution to the numerical integral. This is
A unique aspect of the nature of the beam/field equivalent to a numerical integration with a constant step in

interaction in the magnicon is used to simplify Az, with the beam current weighted by the ratio of present
implementation of the energy balance approach to self- longitudinal velocity to initial longitudinal velocity. The
consistent cavity field determination. In the beam-driven numerical integration can be represented by
magnicon cavities, under the rigid beam assumption of zero
radius in the steady state, each electron sees exactly the same PS = -1• I, ,A (4)
RF fields. This results from the fact that both the entrance 2 A
vector of the beam and the cavity fields are rotating at the RF where k represents the cavity transit time divided by the
frequency. Thus, each subsequent particle that enters the constant time step.
cavity has an entrance vector that has shifted. But the RF The supplied power calculated in Eq. (4) is compared to
fields have shifted by the same amount. Therefore, the the power dissipated in the cavity walls given by [9] as
energy given up by each electron in the beam during the (E.
transit of the cavity is constant. Because each electron sees P, = R, -L rJ(x,, )[a2 +ah]. (5)
exactly the same RF fields while in the cavity, a single
electron trajectory can be used to calculate the self-consistent III. RIGID-BEAM MODEL RESULTS
fields rather than an entire electron beam, whose longitudinal The magnicon architecture modeled is shown in Figure
length exceeds the cavity length. In addition, because the 1, which also includes the dimensions of the magnicon
energy extracted from each electron as it passes through the geometry. For our modeling, we used a beam voltage of 170
cavity is a constant in time and is proportional to the energy kV, a beam current of 18 A, a frequency of 700 MHz, and a
given up by the beam in the cavity at any moment in time, deflection-system focusing field resulting in a deflection-
the time-averaged value of power provided by the beam is system cyclotron frequency 1.4 times the RF frequency. The
also a constant and proportional to the energy provided by a parameters for the model were derived from [10]. With the
single electron as it crosses the cavity. Thus, simply rigid-beam assumption, this model results in a magnicon
equating the energy lost by a single electron as it crosses the that produces over 2.8-MW of RF power at an efficiency in
cavity to the time-averaged power dissipated in the walls excess of 90%. (Of course, the efficiency with a finite beam
provides the basis for the self-consistent solution. size would be lower and will be the focus of future work..

The initial estimate at cavity field amplitude should be Figures 2, 3, 4, 5, and 6 illustrate the results of the
as close as possible to the self-consistent amplitude in order magnicon modeling. Figure 2 shows the radial displacement
to minimize the time required for the algorithm to converge as a function of longitudinal distance along the magnicon.
on the self-consistent solution. Figure 3 and 4 show the radial velocity as a function of

The phase that extracts the most energy from the beam longitudinal distance. Figure 6 is a view looking at the
is determined from a component of the conservation of particle trajectories along the axis of the magnicon, and
energy equation. From [7], the real power supplied by the Figure 5 shows the variation in gamma and Vz as a function
beam is given by of longitudinal position.

P,=-J•Jf" ldV, (1) IV. CONCLUSION
Vh~ We have developed a self-consistent approach to

where e is the instantaneous electric field and J is the calculating magnicon passive- and output-cavity fields. This
instantaneous current density. For the rigid-beam model, J is approach has been used to determine high-efficiency
represented, according to [81, by magnicon geometries using a rigid-beam approximation.

Geometries that provide a conversion efficiency in excess of
J = 1,,(x - x.)3(y - y.) (2) 80% have been obtained. The next step in the analysis is to

extend the approach to a model with finite beam size and
Substituting Eq. (2) into Eq. (1) results in evaluate the performance sensitivity of these geometries to
p, = 1X)f(y-y.)dxdydz Finite beam width.
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Abstract Maximum amplitude and decay time are depend on the Q-
This report describes the results of high power operations value and the coupling coefficient J3 of the cavity. The peak

of the X-band (11.424 GHz) SLED system. After 32 hours of voltage is obtained at time tI, that is the charging time before
5 pps processing, the peak output reached to 59 MW with the the phase was reversed, and the theoretically calculated value
RF input pulse of 15 MW with 470 ns duration. Up to this for the case tl=400 ns with using measured value by low level
power level the processing had been carried out smoothly, and RF 0=4.5, Q0=52000, is 2.28 times as high as the klystron
no serious discharge was observed. Later this system was output voltage (5.2 times as high in the power). As already
utilized as an RF pulse compression method for the high reported [6], the experiment with low level RF has been
power test of an accelerating structure. successfully carried out and the obtained result showed good

I. INTRODUCTION agreement with the one calculated theoretically. Here, we

Supplying RF pulses with high peak power of over 100 report on fabrication and high power test result of the X-band

MW with 100 ns duration, it will be possible to produce very SLED system.

high accelerating gradient of 100 MV/m in the X-band (11.424 II. COMPONENTS
GHz) main linac of JLC. For realizing this plan, a lot of A. The TE-015 cavities
R&D works on microwave tubes with high output power of Room temperature cavities made of copper (O.F.H.C.)
100-150 MW have been carried out at KEK [1]. Recently, were used as pillbox cavities for the assembly. The TE015
high output power of 80 MW with 50 ns duration was mode was chosen as the S-band SLED system of the SLAC.
provided by the newest klystron. Side by side with these The Q-value of the each cavity were measured as 52000 and
efforts, development of some RF components for high power 52300, respectively. To lower the resonant frequency of the
use has been also carried out. It becomes necessary to test TM115 mode, a groove was circularly cut in one end-plate,
critical components by using high RF power of around 100 also following the model of the SLAC. This groove, which
MW. The RF pulse compression is very useful as well as was width of 1.5 mm and depth of 1.5 mm, shifted the center
traveling wave resonator to generate such a high power for frequency of the TMI 15 mode nearly 45 MHz with no
testing a critical component [2]. Using these it is possible to influence on the TE015 mode. A coupling aperture was drilled
boost a relatively low power pulse with relatively long pulse through the other end-plate. That was a hole, 8.2 mm in
length to a shorter pulse with higher peak power. The diameter with 1.5 mm thick, and finished in a round shape to
principle of operation of the RF pulse compression is reported avoid the breakdown. The measured coupling coefficient 5 of
elsewhere [3,4,5]. As a first step, the SLED system was the each cavity were 4.55 and 4.57, respectively.
chosen for high power test bench where the RF windows, the
waveguide system including power monitor and matched load B The 3-dB coupler
would be examined with very high peak power enhanced an As the 3-dB hybrid of the assembly, the Riblet short-slot
output of klystron. coupler made with wire-cutting method was employed.

The SLED system was originally developed in S-band to Through this coupler an output of the klystron is guided to a
increase the beam energy of the SLAC linac [3]. couple of cavities, and waves from the each cavity are

The advantage of the SLED are: combined so as to add and transmitted to the load as well
known. The value of coupling depends on the width and the

pi)ltheassembly comrisinapdl hbi and a co uplctde, sof a length of the coupling region. For 3-dB coupling, they were
pillbox cavities were simple and compact made, so as designed 36.0 mm and 26.6 mm, respectively. A couple of

posts made of copper, called as capacitive dome, were attached

2) it is easy to reinstall itself in any high power RF circuit. for fine tuning at the center of top and bottom walls of

At the high power test-bench, in the first place, an output coupling region. Measured characteristics of the coupler are

power of 0.5-15 MW from 30 MW class klystron (XB-50K) listed in Table 1.
was supplied into the SLED assembly so as to examine its
performance under high electric stress.
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Table o III. TEST RESULTS
Measured characteristics of the 3-dB coupler An experiment with low level RF has been successfully

COUPLING (MAIN LINE) -3.16 DB carried out as already reported. Peak RF power enhanced by
PHASE D R NC E) 9.14 DE the SLED reached almost five times as high as input RF

ISOLATION -25.0 DB power of which pulse width was 500 ns with the phase
reversed in the rear of 100 ns. That was nearly 90% of the

INPUT VSWR 1.09 calculated value, so it was found that the assembly was well
OUTPUT VSWR 1.15 fabricated for practical use at the test-bench. The phase control

srelatively simple structure system of the klystron input pulse was also successfully made
This type of 3-dB coupler has rfor use. The measured time for reversing phase of input pulse

enough to sustain high electric stress, but actual fabrication of was less than 3 ns. The design and fabrication of this circuit
the model for high power use is not so easy. In this time, are described in detail in reference [7].
the microwave transmission line including the coupling region In the first aging run, high RF output of 0.5-15 MW with
was made by cutting away the shape accurately by wire from a repetition rate 5 pps of the 30 MW class klystron (XB-50K)
copper block (300 1 x 70 w x 10.15 h) as shown in Fig.l, and was supplied to the SLED system. This klystron had been
then a couple of copper plates were brazed in a hydrogen operated for long time and was expected to generate relatively
furnace on each side of that block. Finally, four connecting long pulse with high RF power. The pulse width of the
flanges were attached on each port. klystron output was adjusted 470 ns with keeping flatness of

INPUT to CAVITY the pulse including reversal phase time of 70 ns in the rear.
CAPACITIVE DOME Some interlock systems were prepared for protect the assembly

from serious damage caused by discharge around the coupling
iris of the cavities or inside of the 3-dB coupler. When

- _ -reflected pulse with high peak power or abrupt out-gassing
were detected, they worked so as to stop the operation. The

- -- careful observation on the RF ceramic window set at an output

: 129.4 129.4port of the klystron and on the vacuum pressure in the RF
[-i -- 4 2transmission line including the SLED assembly. In thirty-

O Tto CAvIT two hours operation, an output of the SLED was reached to 59MW smoothly which was 4 times as high as klystron output

Figure 1. A cross section view of the 3-dB hybrid, of 15 MW. The peak power obtained in high power operation
was, however, slightly lower than that expected from the test

The wire-cut surface was finished within 6 microns enough result with low level RF. This was influenced by following

to avoid serious breakdown under high electric field. A phenomena that the time of reversing the phase of the klystron

sample of measured roughness after wire-cutting on the test output was longer (more than 10 ns) and reflected wave from

piece is illustrated in Fig.2. SLED was added to the output of the klystron. Observed
output signals are shown in Fig.3 and Fig.4.

Measuring direction

Wire

_._--__ _ Figure 3. Observed output signals of the I kW preamplifier.
Top: Output of the I kW preamplifier.
Bottom: Observed phase signal of the pulse.

Figure 2. Measured roughness of surface after wire-cutting.
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Tnz Stopped. 249 ACquiSitions structure had been operated with high RF power of less than
15 MW in the previous aging run. Finally, an output pulse

V 1 of the SLED system was successfully introduced into the
structure without serious breakdown up to 50 MW peak
power. At that time, the power enhancement by the SLED

2_ • -•._ -looked lower as well as the rear part of the klystron output
pulse during 70 ns, when the phase of input pulse was
reversed. These might be caused by the reflected RF power

. .... from the structure and the noise around power measuring
system. Further investigation is necessary for these problems.

IV. CONCLUSION
3_ _Construction of the X-band SLED for high power use was

_ I •successfully completed. The result of the SLED operation
with low level RF gave good agreement with the value which
had been obtained by theoretical calculation in the case of

Chl 50.O•nV Ch2 20.OmVQ M 100is Ch2 X-9.2mV 0=4.5,Q0=52000, tl=400 ns and t2=500 ns. That shows the
Ch3 S0.0mV Ch4 50.0mVQ cavities and the 3-dB coupler has been well fabricated for

Figure 4. Observed signals at high gradient experiment, practical use.
In high power aging process of 32 hours, peak output of 59

1: Output power of 10 MW of the klystron. MW became available without any serious problems. The
2: Output power of 37 MW of the SLED. results of high gradient experiment show that the SLED is
3: Reflected power from the test structure. useful for high power experiment of critical RF components.
4: Transmitted power through the test structure.
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Automated Testing of a High-Power RF Microwave Tube*
Andrew Young, Daniel E. Rees, and Anthony Vergamini

Los Alamos National Laboratory

P.O. Box 1663, Los Alamos, NM 87545

Abstract Figure 1 shows three test-stand equipment racks that can
operate two high-power RF amplifiers. The rack on the left

This paper describes an automated procedure for testing contains the Allen-Bradley Programmable Logic Controller
the high-power klystron amplifiers used in the Ground Test (PLC) input/output cards and the display monitor, which is
Accelerator (GTA). To verify klystron performance, we have situated at the top of the rack. Just below the PLC is the
developed an automated test system using data-acquisition AC distribution chassis, which contains the circuitry for the
and control programs based on LabVIEWT

M, a program that filaments and the focus coils. The next chassis contains the
can communicate with both an Allen-Bradley PLC5/15 water-flow monitors for the high-power RF load. The next
controller over RS232 interface and with other devices that three chassis contain the solid-state RF driver amplifiers and
use the GPIB interface, the measuring circuitry. The middle rack contains the

Three automated tests were developed and performed on Vacion pumps, high-voltage power supply interlock
the high-power klystron: swept-frequency, power-transfer, circuitry, acoustic arc-detector circuitry, and a stack of
and VSWR. This paper describes the tests performed, solenoid supplies. The rack on the right contains all the
presents test data on the GTA klystrons, provides block instrumentation for the three tests. At the top of the rack are
diagrams of the automated test facility, and characterizes all the stepper-motor controllers for the VSWR test. Three
the capabilities for the automated test system. This test power meters permit the measurement of forward and
facility is being used by the GTA program to fully reflected input power, forward and reflected output power, and
characterize the klystron amplifiers before they are forward and reflected power at the load. The microprocessor
commissioned. used in the test stand is a dedicated Macintosh Ilfx.

I. INTRODUCTION

Shown in Figure I are the equipment racks of the high-
power test stand, which uses the LabVIEW data-acquisition
system because of its flexibility in programming and its
ability to communicate with a wide variety of other MR#
controllers or instruments. LabVIEW is a virtual-instrument
(VI) engineer workbench. LabVIEW itself provides some
Vis and others can be created by a programmer using C
language. LabVIEW communicates through a serial-port to
RS232 devices such as Allen-Bradely programable controller
and through a general-purpose interface bus (GPIB) to devices
such as power meters. LabVIEW also has analog ports that
can send a 0 to 10-V signal to an external device, such as a
switch. The high-power test stand uses LabVIEW to
monitor and record the status of safety interlocks and
input/output parameters.

Currently, we perform three tests on the high-power Figure 1. Equipment racks for the high-power test stand.
amplifiers: swept frequency, power transfer, and voltage
standing-wave ratio (VSWR). Each of these tests is carried II. HIGH-POWER AMPLIFIER TESTS
out by a LabVIEW VI, which uses many other VIs that are
integrated into the program when an operator initiates the All the data files generated by the three test have a
main VI. The program then records data and fault conditions. generic format. The data file contains the test name, the
Using these VIs, we have fully automated the test stand. time and date, the klystron tube's serial number, a number

that indicates the cathode current setting, and a suffix that
indicates the test type (-px=power transfer, -fs=swept

Wk supported and funded by the U.S. Department of frequency, and -vswr=-Reike diagram). Along with the tide
DefenseArmy Suprategic Defense Cfunded the aspitent o information, the data file contains information on the cathode

Defense, Army Strategic Defense Command, under the auspices voltage (VC), modulated anode voltage (VM), cathode current
of the U.S. Department of Energy.

0-7803-1203-l193503.0o0 ©1993 IEEE 1205



(IC), and modulated anode current (IM), the filament voltage
(FV) and current (FI), focus coil voltage (FCV) and current The test data follows the header shown in Table 3. The
(FCI), operating frequency (F), pulse width (PW), and pulse first column represents the input forward power (PIF), the
repetition frequency (PRF). A typical header for this data is second column is the output forward power (POF), the third
shown in Table I along with the units of measurement. column is the forward power going into the load (PLF). The

remaining columns are the reflected power at each of these

V L I'. IIN I ý IFCV rC1 I PW locations. All values are given in watts.
VIkV IA Iv% V A v IA IýF 1•

IF (W) POF (W) PLF (W) PIR (W) POR (W) LR (W)
Table 1. Typical data file header. 0 0 0 0 0 0

0.12 84 670 82 000 0.04 918 426
In addition, by using Cricket Graph as a post-processor 0.13 94 940 92 00 0.04 91 431

tool, we were able to generate graphs at the conclusion of -0.13 94 940 92 300 0.04 951 431
each test. This allowed us to quickly determine if the test 0.15 105 810 102 400 0.05 1034 438
was completed without a fault. 0.161 118 560 114 900 0.05 1101 478

0.18 131 370 127 600 0.06 1158 460
Power-transfer test 0.21 146 660 141 600 0.06 1229 452

The power-transfer test allows us to calculate the 0.23 162 750 158 300 0.07 1329 480
efficiency, the gain, and the saturated power of the amplifier - -

at different operating conditions. The operating conditions
selected involved a fixed cathode voltage and three different Table 3. Power transfer data for the klystron amplifier
cathode currents. The cathode voltage, filament voltage, Based on the results of this test, the graph shown in
filament current, solenoid focus coil voltage, and solenoid
focus coil current were all set to the manufacturer's test Figure 3 was generated. It is important to note that the
specifications. By doing this, we could verify their test. power output of the klystron matches the power going into

The LabVIEW power transfer VI is shown in Figure 2. the load. Thus, the load impedance matches the output
The "font panel" allows us to input the klystron station impedance of the klystron.
number, a filename for data storage, input parameters for the 1.20e+6
signal generator, and the input parameters for the pulse
generator. Once the test is completed we can view and verify 1.OOe+6 . - - . . . .. -

the data on the graph that is generated at the end of the test.

- - in8.o0e+5

S 6.00e+5 -0

S4.00e+5 I
2.00e+5 load

0.00e+0

0 1 2 3 4 5 6
Power input (W)

Figure 3. Power transfer of the klystron with cathode current
"of 28 A.

Figure 2. Power transfer virtual instrument. Swept-frequency test

Thi, test is used to determine the frequency response of
The operating parameters for the klystron amplifier are the amplifier at different drive levels. The header for the data

shown in Table 2. file is basically the same as shown in Table 3. The only
thing that changes is the organization of the raw data. The

C I -IN I I IF frequency is given in the first column, while the next five
VC 1V IC IMAk ,I IFV FA FZ VPWM R columns contain the forward and reflected output power.

V kV A MA V A V A Mz ms However, here each column includes a separate subcolumn
5.2 32.4 28.1 8 15.7 !0. S75,4 22 3 850 0.67 0 for each tested drive level. The subcolumns for the

klystron's forward power output (POF) are shown in
Table 2. Operating parameters for the klystron amplifier. Table 4.
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The VSWR test data file contains six sets of power
Forward power input (PIF) transfer data. One power transfer test is performed for each

F (MHz) IPII (W) 1112 (W) I (W) JP14 (W) 1P15 (W) tuner. A sample of a data file is shown in Table 5.

850 0.999 1 2.018 3.015 4.06 5.04 PIF POF PLF P POR PLR
Forward power output (POF) __)(W)_(W)

845 39 870 80450 1204801 162250 199320 VSWR#1
845.2 44 960 90420 1346101 182310 223390 0 0 0 0 0 0
845.4 50 800 102 350 1524601 205930 252410 0.444 447 300 416 600 0.13 8200 843

845.6 57 760 116 670 17278 1 232920 284150 0.148 9210_ 940.498 510 000 471 200 0.148_ 9210 94
845.8 65 960 133 000 197330 263160 320840 0.559 562 700 519 400 0.155 10 140 1021

846 75 360 151 720 223740 298440 359700 0.628,612 400 564 700 0.171 11 000 1107
846.2 85 290 173 240 255640 8440 407300 0.703 6S0 600 607 800 0.182 11 760 1145

0.794 712 900 653 200 0.198 12 630 1208

Table3. Swept-frequency data for the klystron amplifier. 0.886 766 900 704 7001 0.224 13 580 1293

It is important to note that the swept-frequency program
is linked to the power transfer program. The power transfer Table 5. Sample of the data file for the VSWR test.
program determines the saturated drive and output power, and
the swept-frequency program uses this information to The graph shown in Figure 5 shows a Rieke diagram for
determine the five different drive levels. This was done to the klystron amplifier. (VSWR #1 stands for tuner #1 on
prevent overdriving the amplifier. Thus, the swept- the mismatch section.
frequency program is programmed to do five frequency curves
at five different drive level, one being at the saturated pcwer
level as illustrated below. 1.40e+6

-U--- PIF= 1W -4--- PIF= 4W 1.20e+6 -

-4---- PIF= 2W ---- PIF= 5W• ...... 41.-- IF= W • 1.00e+6
-- PIF= 3Wwr#1

1.20e+6 - 8.00e+5 wr#2

- i.00e+6 - 6.00e+5 - -
•:• i 0 vswr#4

= 8.00e+5 -.. 4.00e+5 i _ vswr#5

•" 6.00e+5 2.00e+5 vswr#6

SO.00e+O "4 .00e+5
. 4.00e+5 0 1 2 3 4 5 6

2.00e+5 Power input (W)
MdW Figure 5. Rieke diagram of the klystron with the cathode

0.0Ie+0 current at 28 A.
845 847 849 851 853 855

Frequency (MHz)

Figure 4. Frequency sweep of the klystron with cathode
current at 28 A. With the automated high-power amplifier test stand,

full characterization of a high-power amplifier at several
VSWR test operating conditions can be completed in one day. The test

The VSWR test is conducted using a mismatch (tuner) stand has allowed the 12 GTA klystrons to be accurately
section, which is located between ht output power coupler tested in a timely manner. The data from the test stand has
and the coupler located before the load. Each tuner is evenly also allowed our group to refine our models of the

spaced apart at approximately 30°. Each test LabVIEW amplifiers.

calculated the VSWR by measuring the reflected and the
forward power and then adjusting the position of the tuner
using a stepping motor.
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Two-Klystron Binary Pulse Compression at SLAC*
Z. D. Farkas, T. L. Lavine, A. Menegat, A. E. Vlieks, J. W. Wang and P. B. Wilson
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA

Abstract G$1 StruItuS Faraday

The Binary Pulse Compression system installed at cCUP-
SLAC was tested using two klystrons, one with 10 MW
and the other with 34 MW output. By compressing 560- .

ns klystron pulses into 70 ns, the measured BPC output L0. 1wd

was 175 MW, limited by the available power from the two C4a

klystrons. This output was used to provide 100-MW input Hybr i 4

to a 30-cell X-band structure in which a 100-MV/m gradi-
ent was obtained. This system, using the higher klystron 70tns 04

outputs expected in the future has the potential to de- Hybrid 3

liver the 350 MW needed to obtain 100 MV/m gradients 43 Dely2

in the 1.8-m NLC prototype structure. This note describes 140

the timing, triggering, and phase coding used in the two- C- Hybid

klystron experiment, and the expected and measured net- D..a I

work response to three- or two-stage modulation. A npA H •

INTRODUCTION s--G T1 F1 ePC In CKBR

The Binary Pulse Compression (BPC) system [1] con- 1- n r I

sists of a BPC network and its appropriately modulated
drive. A BPC network consists of one or more stages. x

Each stage consists of a hybrid whose two isolated ports ,,l CKSL

are used as inputs and the remaining two ports as outputs Figure 1. BPC network with its klystron drive and ac-
with one output port followed by a delay line. The delays celerator structure load.
decrease in a binary fashion, with the last delay equal to
the output pulse width. 100mW

Because more klystrons became available, the one-

klystron BPC [21 was converted into the standard two- gFrom

klystron, BPC system. The systen consists of a three-stage PWTB

BPC network, followed by a combiner, with its klystron
drive and its load, and is shown in Fig. 1. 10 M Shift

If, and only if, the two input powers are equal, does a Path A

switchable r phase-shift (PSK) direct all of the input pow-
ers into one or into the other output port of each hybrid.
But, as we shall now show, the deviation from this ideal PD PD P XLcws
is small even for large input power ratios. Using superpo- J
sition and energy conservation one can show that the two Path B

output powers of a hybrid in terms of its two input powers XL.cKB

are P. PX'I
Po =- + " + ./aPOCOSO (1)

2 2a
-= A. + - (2) TVVjA 

Ic I

=2 2 W K CI PNewr
Here, 0 is the phase difference between the input fields. PGTWA

We adjust the phase shifters so that 0 = 0.00. Then
2, [ ,/j Figure 2. Two-klystron BPC drive system.

AoG = [ + Po& = 2 Let z = Pdb/Pia and P, = Pi, + P0,, then

(3) FOG/Pa = 1 +V1] 2  / [1 - VrJ2

2(1 + z) P°b/P° = 2(1 + z) (4)

If we switch to 0 = 1800, then the roles of outputs A

and B are reversed. An input power ratio of 3:4, reduces
* Work supported by Department of Energy contract the output by 0.5% and a ratio of 1:4 reduces the output

DE-AC03-76SF00515. by 10%.
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TIMING other. It. was accomplished as follows. A phase transiti o

The Two-klystron BPC drive system is shown in was applied to PSK A and the detected pulse was inoni-
Fig. 2. The output pulses from the two klystrons and the tored at the outplut C1 of hybrid 1. With klystron B turned

lmodulation transitions must arrive simultaneously at the on, the position of the phase transition, as indicated by its
Iwo inputs to hybrid 1, which are also the inputs to the marker" on the scope, was noted. Then klystroi B wa.

I[P(' network. Thus the time delay of the two paths of turned off and klystron A was turned on. Again the posi-

ihe RF leaving the PSK modulator, path A and path B, tion of the "marker" was noted. The delay of this mnarker

-how\n in Fig. 2, must be equal. The modulation of PSK from its pr'viou.- position was the delay, in the form of

\ traverses both paths, and, therefore, it was used to ad- WR90 waveguide, added to path A. If both klystrons are

IIJt the delay of the two paths to make then equal to each on then both markers will appear and will coincide w'hel
Path A and path B t(ine delays are equal.

S ----------------------- THREE-STAGE BPC.
0AC CC DC The coding for a three-stage BPC and the resulting

0I phase detected waveforms are shown in Fig. 3. We have a

210 280 420 560 ns three-stage BPC followed by a combiner. The time, delay
PSK A control input of the last delay line, and hence the duration of the output

S---------------------- pulse, is 70 us. The experimentally obtained outulUts are
Sshown in Fig. -1. The amplitude and phase of the combiner

',BC 0
II i output pulse ale .lhowii in Fig. 5. The power was increased

0 1over several weeks, as the various compenents underwent
PSK B control input RF proccessing, untill the three-Stage BPC plus combiner

I provided ;z, 175 W.50 ps flat-top output pulse. This
output, was fed into the 30 cavity accelerator where itv was

......... used to study dark current inI the section at up to 100
Phase detected output of path A, (CA, CKA, CIA). MV/rn accelerating gradients. This is reported on at this

Also PD1 output if PSK A only is modulated conference [3].

The peak power of the 600 nts klystron output pulses

0 was 34 MW for klvstron B and 10 MW for klystron A.
Thus the BPC plus combiner power gain was 175/44=4.

0 2 46rather th an the ideal gain of S. It is not. difficult to account
Phase detected output of path B, (CB, CKB, CIB). for the 3dB loss. The turn-around and phase-shifter loss

Also PD1 output if both PSK A and PSK B are modulated is 0.4 x 3 = 1.2 dB. the hybrid loss is 0.3 x 4 = 1.2 (lB,
,-M ,W,,• the total delay line loss including the loss of several WR90

I" igure 3. Three-stage BP modulation (horizontal unit stainless-steel flanges (the loss can be eliminated by copper
70 mis). plating them) is (0.6 d1B.

A Input, 1

input)' H40A Phase
Detected 53 fs

Output.-
H3 Output

- I

4-93 25 nis/div ,,,
,,100 ns/div ?7M Figure 5. Aiil1 lit unh" and phase of thle ('oinl)iuer 0111-

Iil,,re .1. T1hree-stage BPC outputs, putl 11,Is,'.
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Table I. Peak powers for 100 MV//m gradient in the SLA(' ex-
perimenttal accelerator sectionsH-'2

Structure Length 30 cm 75 cm 181) cnl 180 cii

Structure Fill Time 50 ns 50 ns 100 100 'is

SInput Pulse Width 70 its 70 ns 70 ns 140 ns

"-_ Structure Input Power 100 MW 220 MW 350 MW 350 MW

1: I I IAtten. BPC Output. 1.76 dB 0.5 dB 0.5 dB 0.5 dB
to Struc. Input

Combiner Output, 150 MW 224 MW 389 MW 389 MW

Power Gain 4 4 4 3 (2 stage)

SSum of BPC Input 37.5 MW 61 MW 97.2 129 MW
Powers

"Sum of Xl1'.. Output 42 MW 68 MW 109 MW 144 MW
H-4 . .Powers

4-93 50 ns/div 73•A9 Power/Klystroil 21 MW 34 MW 55 MW 72 M\V
Figure 6. Two-stage BPC outputs.

TWO-STAGE MODULATION. G, = V/34ý/55 x 100 79 MV/tn. With the two-stage

The three-stage BPC network presents a match to the BPC, 140 us pulse. C,. = /72 x 100 = 69 M\V/n.

klystrons no matter what the setting of the phase shifters COMPARISM WITH SLED-I1
,)I the input modulation (see Fig. 1). With two-stage mod- For the SLAC three-stage BPC, the measured coni-
ilation turned on, adjust 01 to minimize H1OB during t=0 bined power divided by the power per klystron was 8. It
io t=4. Then adjust 02 to minimize H2OB during t=4 to probably can be increased to 10 with minor modificatioits.
I =6. During t=6 to t=8, both inputs to H3 are 4 units A klystron outpvo pulse width of 600 us means an 8:1
Iigh and 2 units wide. Adjust 03 t~o combine the pow- srnoilttltlewdho 0 smasa :highutpt i units 140 t s wbide compression factor for a 70 ns structure input pulse, andrs at. H3OB. This o2 ( and8 5:1 for a 140 ns structure input pulse. The ideal SLED-Il
milts high pulse. Hybrid 4 divides the its input power at
11-11B into two equal 4-unit high at H40A and at H4013. power gain is about half the actual BPC gain. Hence, for
We1 stilltovea twoequal4-stage B each HOAand outpt H IOB the same klystroi power and pulse width, the gradientsVe still have a two-stage BPC, each klystron output is attainable with SLED-II are about 1/v\ that of the BPC.

utadrupled and its pulse width reduced by a factor of 4. Of course, one caii combine the outputs of two klystrons
Hut the combiner is neutralized by a divider. The expert- and reach the same gradient as with the BPC. But this
mientally obtained outputs are shown in Fig. 6. With some would require the' installation of another high power hy-
mitnor mnecahnical modification we can send the combined brid. With the BP(', the combiner is allready in place.

two-stage BPC outputs directly into the bunker t.o the ac- The delay linte tinie delays are Td = (PJq + 1)T,, for the
,l+rator section input, as indicated in Fig. 1. BPC and 7' = 7I, for SLED-lI. For P. = 2. the BP(" re-

quires half the SLED-Il delay line length per klystron, and
POWERS FOR SLAC its efficiency is 10l0c( rather than the 78% for SLED-Il. The

EXPERIMENTAL SECTIONS required line that transniits power to the second accelera-

"fable I lists the requirements needed to attain accel- tor section call he iiade part of the delay line. Practical
rating gradients of Gr = 100 MV/in in the SLAC exper- efficiencies greater than 90(/c are achievable. The length

itental accelerator sections. The third and fourth lines of the delay line per klystron for a two-stage BP('. is 1.I
list the required pulse widths and peak powers into the times that of SIJI-D-11.
SLA(' experimental accelerator sections. The bottom line tEFERENCES
litls the power/klystron needed to achieve this. A 0.5 dB 1. Z. 1). Farkas, -Binary Peak Power Multiplier and
;ittenuation from Klystron output to BPC input was as- its Application to Ltinear Accelerator Design". IEEE
"iuied. Assuming that our present. klystrons can deliver TRAN. MTT-34,1 p. 1036, October 1986.

3.1 MW- 600 ns pulses, a gradient, of 100 MV/in in the 2. Z. D. Farkas, el. al. 'Radio Frequency Pulse ('oi-
-5 c(ii section is attainable. With the three-stage BPC, pression Iixlieriiiienis at SLAC", Sl,A('-PUI1-5409.

70 its output pulse, the required power/klystron to attain Jaiuary 1991
100V MV/in in the 180 cm section is 55 MW, but the sec- 3. .. . Wang., et. al. "'iligh-Power Experiments in
lion will be only half full. With 34 NIW, and a three- X-band t\(c.lcralor Sticttlire's" PAC93. NIay 19:1.
-tage BPC the gradient attainable in the 180 cm section
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New Compact Mode Converters for SLAC RF Pulse
Power Compression System*

Gwo-Huei Luo
Synchrotron Radiation Research Center

1 R & D Road VI, Hsinchu, 30077. Taiwan, R. 0. C.

Abstract The proposed transmission and conversion sequence
A RF pulse power compression scheme has been was shown in Fig. 1 [2]. In the following sections, we will use

developed at SLAC (Stanford Linear Accelerator Center) these conversion sequence and waveguide radius to design our
where they adopt a method of a long delay line, in an mode converters and tapers at 11.4 GHz.
overmoded circular waveguide, to rephase the transmission
mode. A low loss mode, TEO, in a circular waveguide is
required. However, the output mode of a megawatts klystron
is a TE10 mode in rectangular waveguide. A transition and
mode conversion system needs to be developed. Conventional My w'Rgo F WC1Ol5 WC18 A (to B)
mode conversion sequence of TEl0, in rectangular waveguide, e
to TEO, mode, in circular waveguide, is using Marie' 1tt
Transition which requires very long transition length and very
complicated structure. We have developed several mode
converters with very compact length and high efficiency. The
proposed conversion sequence is TEl0 -TE1 1-TE0 1. In this B (from A ode WC184 wc281 Dely

sequence, our main interests are in developing the TE11 and ronverter T

TE01 uptaper, and TE1 1-TEon serpentine mode converter at

11.4 GHz. T~lf-T°l

I. INTRODUCTION Figure 1. The purposed transmission modes, waveguide
size, and conversion sequence for binary pulse compression

High-power microwave tubes producing output power system at 11.4 GHz operating frequency.
from several kilowatts up to many megawatts often generate
modes which are not suitable for long distance transmission,
plasma heating and radar applications. To obtain a more II. VARYING-RADIUS MODE CONVERTERS
desirable mode, a sequence of mode converters is often used
with various high-power microwave sources such as gyrotrons, A. Coupled Mode Equations
and klystrons. For varying-radius mode converters, the coupled mode

In order to produce high-gradient linear accelerators equations for the TE~n modes can be written in the form of [3]
(Linac) for next generation linear collider, it is required several
hundreds of megawatts of peak power per unit length. Binary n -)A ,(z) + (:C,,ý)A,(z)
Pulse Compression (BPC) is a promising technique to deliver, dZ " n
at least, a five-fold peak power output compared to the input
peak power [1]. This technique increases peak power at the where P,(:) is the propagation constant of mode n at location
expense of reducing the pulse width which was still long z. LAn4, is the power that transported in positive z direction by
enough to fill the accelerator section. mode n. Cn,, as function of z, is the coupling coefficient

The delay line, which was used at the BPC system, between mode n and mode j.
has the freedom to operate the propagation mode, such as TE 0 1  For quasi-periodic varying radius mode converters
mode, in an overmoded circular waveguide. The TE0 mode following Kovalev [4], we used a radial variation of the form
was operated at considerably above cutoff frequency, for
example, 11.4 GHz with 3.57 cm of waveguide radius. We a(z) - ao + el[l - cos(H(=))]
can have negligible ohmic loss even with a small diameter
pipe. With the consideration of available pulse klystron and where ao is the input waveguide radius, Ej is the perturbation
Linac, an X-band microwave frequency, 11.4 GHz. has been amplitude of waveguide taper. /I(:) is a harnonic function of
chosen as operating frequency at current stage. the beat wavelength between the transmission mode and the

strongest coupled nearby-mode. A multi-dimension

"This work was supported by the U.S. DOE, and NSC of R.O.C.
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optimization scheme has been used to optimize the tapers such
that we will get the best conversion efficiency with very dC 1

compact structure. The backward traveling modes, calculated d: jzn
by shooting method to match the two points boundary
condition, have been shown to be negligible in all the cases where An is the amplitude of mode n, On is the propagation
considered here. constant of mode n at waveguide radius ao. Cn, is the

coupling coefficient between mode n and mode j, which is
B. The Designs of TEO, and TE, 1 Uptaper independent on z.

A TE0 1 uptaper has been designed from the The coupling coefficients for the modes that we are
waveguide radius of 2.34 to 3.57 cm. For the varying-radius interested in can be derived by applying perturbation theory
mode converter. TEon modes will couple with TEO, mode. and solving the Maxwell's equations for the waveguide surface
The taper length is 15 cm with 99.9% of transmission deformation.
efficiency and 0.05% of ohmic loss. The waveguide profile We only consider the first and second order coupling.
can be expressed as following The third order coupling is too small to be included as we try

to optimize the conversion efficiency. A very strong coupling
a(z) = .0234 + .00615(1 - cos(20.94z - .lsin(20.94z))]. between TEII and TE, , and TEO1 and TE12 has been found

during solving the coupled mode equations.
As shown in Fig. 2, a TE11 uptaper with input From conventional design philosophy, it would be

diameter of 2.67 cm and output diameter of 4.67 cm has been possible to design a mode converter using a large number of
designed. The coupled TEIn and TMim modes families were perturbation periods to suppressed spurious modes. However.
considered for the case of TEI , uptaper. The overall length of it is not a practical solution while we consider the ohmic loss,
the taper is 13.1 cm with 99.8% of transmission efficiency and frequency response, and the available space to accommodate
0.13% of ohmic loss. The profile of the mode transdi:zer can the mode converter. A quasi-periodic structure has been used
be written as to optimize the structure of the serpentine mode converter.

It is very difficulty to find a high efficiency mode
a(z)=.0133 + .00503[l - cos(23.98z - .06sin(23.98z))]. converter with perturbation period less than 3-periods. The

coupling diagram is shown in Fig. 3. The mode contents of
the TEI -TE01 serpentine mode converter along the waveguide
axis is shown in Fig. 4. The detail waveguide profile can be

0.02 .expressed as following:

"0.0 .For the first section.
a(z) = .0234 + .391*10-211 - cos[62.33z + .829sin(62.33z) +
.028sin(124.7z)]) where 0 < z < .1008 m.
For the second section.

-0.01), , a(z) = .0234 + .665*10-2 1 - cos[42.89z - .101sin(42.89z) +

.350sin(85.78z)]) where 0 5 z • .1465 m.
-0.02 .For the third section.

a(z) = .0234 + .405*10-211 - cos[55.65z + .l14sin(55.65z) +-0.03 . . ".. .". . ".. . . . .. .;.179sin(ilI .3z)]} where 0 5 z 5 .1129 mn.
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 w 0

z (M) The waveguide profile of the optimized mode

Figure 2. The waveguide profile of an optimized 11.4 GHz converter was shown in Fig. 5. The conversion efficiency is

TE,1 uptaper with input and output diameter of 2.67 and 98.9% with .19% of ohmic loss. The output mode purity is

4.67 cm respectively. 99.1% with overall length of 36.02 cm.

V. CONCLUSION
IV. TE1 1-TE 0o SERPENTINE MODE CONVERTER

A series of compact mode converters have been
A similar coupled mode equations can be found by designed which can be used as a substitution of current Marie'

using Morgan's 15] method for a constant-radius serpentine- Launcher and the tapers at current BPC system. The mode
type mode converter. The coupled mode equations can be purity of the designed serpentine-type mode converters and
written as tapers were above 99%. A similar computer codes has been

used to design a single-period TMOI-TE1 1 serpentine mode
converter at 8.6 GHz [61. The measurement results of
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previous designed mode converter, TMo0 -TE1 , were in
excellent agreement with the computer simulation.
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PERFORMANCE OF LITTON 805MHz, 12MW KLYSTRONS

Q. Kerns, M.B. Popovic, C. Kerns and A. Moretti
Fermi National Accelerator Laboratory*

Batavia, IL 60510, USA

ABSTRACT in the range suggested by Litton. Connected to the output of

The Fermilab Linac Upgrade[ 1) will increase the en- each klystron was a Varian water-load (model L975FAI).

ergy of the Hf linac from 201 to 401.5 MeV. This will be
achieved by replacing the last four 201.24 MHz drift-tube
linac cavities with seven 805 MHz side-coupled cavity
modules. Each accelerator module will be powered with a 12 ,70kl,,.OS-20MIl S/•92 -, .. . I .. I

MW klystron-based power supply. The purpose of this report Cii-,_m. j , L ]
is to present a body of representative data for the klystron 14 000

too 000tubes at various conditions and to detail the procedures used.... o
10 000

K4WGm .. . . .• .-'• - ""€ .....

TESTS - T

Below is the list and description of the tests[2] per- - El LVacuum

formed on three klystron tubes. Each tube was received with K.V'.

an acceptance test datasheet. All tube parameters were , .

0 000

CHII M E 29 O// 2 US/ REF 0 1B .:8 TT0000 Pho tu0

11 805.955 00o ...
0

K4TST1 t0 000
Co,' MARKER 09/15/1992 11 29:09 STATUS 0 - Ot.

805.955 MH2_

Figure 3.

Figures 1 and 2 present measurements of input cavity
. - match with and without beam current. The input cavity on

- one of the tubes (serial#0002) is -I0MHz above the nominal
... frequency of 805MHz for no apparent reason.

, . . . . ,- _ .FO.
8

atP I..i22. I1/O. , IalV OVm ¥

CENTER 805.000 000 1411 SPOAN 50.000 000 H'II_0

. - " ' " .. ............. ...... .... +

Figure 1. 10 - .. -----

Input 
2
avity te. o. q .. h 170kV it gun '' "

190 I ' •I0 .' 0

160 -•;
1. 4 I sm.34 IU jftft.3

' D I %',@f2ISI V1" .9"
10

70 Z, 2o ¶ ItO1 Fro

60 '/
I I ~' IFigure 4.

40 I I

730 ~ ~ Iu 78 9 7510 0 2 3510 2 3 Figure 3 shows klystron power bandwidth. The output power

* Fermilab is operated by the Universities Research Association
Figure 2. under contract to the US Department of Energy.
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is plotted as function of rf frequency, from 795MHz to RF phase shift as function of gun voltage was inca-
815MHz, for three different levels of rf drive power. sured using the setup illustrated in figure 6. 'rable 2
Above, see Figure 4, are displayed plots of klystron power summarizes results of measurements for the tubc serial
output vs. drive power at gun voltages of 160kV. 170kV and #0002.
180kV. Table 2.

Sal. Pwr. Gun V Gun I Tromb. Phase Ampi. Caic. Eff

Envelope delay & gun voltage MW WV A Matched
150 1/2- Yes Yes

9.8 160 132.1 2 10M68 Yes No 50%
are"11.9 170 134.2 4 1/2' Yes No 52%

IPM Tcmft 13.4 180 145.9 6 1/4' Yes No 51%

LW14.22 185 151.8 7 1/48 Yes No 50.6%

At* Figure 7 shows RF phase as function of gun voltage for tube
OW L serial #0002.

PHASE CHANGE AT 804.9632.Mlz. KlyN5
40 11

Alph..e' 0

Figure 5. '0 - 4,67-- 705--

..................................... ..... ...... I.... .. .. .~ . .......................... ....

The envelope delay vs. gun voltage was measured us- t
ing the setup shown schematically in figure 5. Table I .

summiarizes results of measurements for tube number 0002. -. 40 4ý

Table 1.60'4

Gun V Gun!I Power Delay i
i -80

WV A MW nsec .

140 100.7 5.9 94.0 - 10
150 111.3 7.6 92.0 F

145 15 155ý 160 165 170 17
160 122.2 9.7 94.0 Gun Voltage in kV

163 125.6 6.0 88.0
170 133.4 11.1 92.0 Figure 7.

180 145.0 12.9 94.0 Klys"ro gun current and klystron filament voltage are
plotted as function of time for different settings of klystron
filament voltage in figure 8 (Miramn plot).

AUl data were taken at 805.9632 MHz and we founid mean
delay to be 92.33 nsec.

180

1 000

LAW -167 00)

V 14FILV -

Tranl- Kit

- 6 0 140.8

0 500 142 3.
-143,600 .142 5
- 1736000

0 0/09909540,00 TIMEI0 3WOD6
0910192 9:4.0STATUJS 0 -SEC (X IS ELWSEO TIME)

Figure 6. Figure 8.
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Results of perveance measurements are summarized in
Table 3.

Table 3.
Gun V Gun I Perveance

kV A in 10'
150.7 112.3 1.92
160.4 123.0 1.91
165.5 128.6 1.91
170.4 134.4 1.91
175.5 140.0 1.90
180.3 146.0 1.91

The following discrepancies in klystron performance speci-
fications are noted:
1. The input cavity in one tube is tuned -10MHz higher than
the nominal 805MHz for no apparent reason.
2. The solenoid currents had to be adjusted to FNAL values
to avoid spurious oscillations which would occur with Litton
settings when running less than saturated power output.
3. The power output pass-band is displaced to the high side
of 805MHz, possibly due to input cavity mistuning. The Lit-
ton rating of a 3MHz 0.5dB pass-band appears optimistic.
4. The output window shows a mild glow, above 10MW,
possibly due to multipactoring in the output waveguide.
In conclusion the tubes which were tested delivered 13MW
at 50% efficiency at a gun voltage of 180kV, and with 150
watts of drive power and are considered successful tubes.

CONCLUSIONS

Three tubes have been tested and are installed on rf
stations one, two and three. The tubes are now fully
operational. To date, over 3.9x0I high voltage pulses have
been applyed to tube 0005, 8.Sxl0 7high voltage pulses have
been applied to tube 0004 and 0.6x107 high voltage pulses
have been applied to tube 0002.

REFERENCES

[11] C. W. Schmidt. "The Fermilab 400-MeV Linac
Upgrade", this conference.

[2] A. S. Gilmour, "Microwave Tubes", Artech
House, 1986.
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Higher-Order Modes*
in the

APS Storage Ring Waveguides

S.O.Brauer, R.L.Kustom
Advanced Photon Source

Argonne National Laboratory
9700 S. Cass Ave, Argonne, IL 60439, USA

Abstract
equal to the damping rate is the stability threshold. Since the
maximum beam current is 300mA, the threshold current for a

Twelve higher-order modes (HOMs) in the single-cell ac- ma with a vue ls 300mA may cause cupled-bunch
celerating cavities for the Advanced Photon Source (APS) HOM with a value less than 300mA may cause coupled-bunch
storage ring were calculated to have complex impedances that instabilities. Twelve HOMs with current thresholds less than or
will cause coupled-bunched instabilities near or below the close to 300mA are listed in Table 1 [4].

300mA positron current which is the design goal. Some of
these modes couple, through the coupling loop, from the stor- Table I
age ring cavity into the waveguide. This study investigates the
transmission of these modes from the cavity into the LongitudinaI Modes (Monopoles) Transverse Modes (Dipoles)
waveguide. The standing wave ratio (VSWR) of a WR2300 freq HOM ItInuh (mA) freq HOM f Itesh (mA)
hybrid waveguide component has been measured at each HOM (MHz) (rHisfmz)
frequency, and its effect on the transmitted modes in the 536.7 so 588.7 s 80
waveguide is studied. 922.5 130 1 761.1 43

939.0 r 340 962.0 190

I. INTRODUCTION 1173.2 1 340 1017.4 435
1210.8 1 130 1145.1 410

When a particle bunch from a stored beam travels through an 1509.1 130 121 315

RF cavity, the electrical charge and current of the bunch pro-
duce electric and magnetic fields at the walls of the cavity [1]. To avoid the development of beam instabilities due to the
Induced charges and currents are generated in the walls of the existence of these HOMs in the RF cavity, damping of the
cavity by the fields and these charges and currents induce modes will be required. E-probe and H-loop dampers will be
wakefields that can interfere with the bunch and can cause de- used for damping some HOMs in the cavity. The possibility of
flections or changes in energy of the particles in the bunch. the HOMs present in the RF cavity coupling into the loop
After the passage of the beam bunch, electromagnetic energy is coupler and traveling through the coupler into the waveguide,
deposited in resonant HOMs which are determined by the ge- may allow damping of some of the HOMs by the insertion of
ometry of the RF cavity. These HOMs of RF cavities are the dampers into the waveguide adjacent to each cavity. In order to
largest contributors to coupled-bunch instabilities, investigate the feasibility of using waveguide dampers, the

In the APS, the stored beam will have approximately 60 HOMs which couple into the waveguide must be determined.
bunches, 5mA per bunch, for a total beam current of 300 mA.
In a multibunch operation of a storage ring, the stability limit is HI. BEAD PULL MEASUREMENTS
reached at a threshold current value which is inversely propor-
tional to the shunt impedance R, of the driving HOM [2]. The
threshold current value for instabilities is determined by the Several of the HOMs listed in Table I were not considered
synchrotron radiation damping rate and the growth rate of the because the A itn was substantially higher than the 300mA
instabilities. During the synchrotron acceleration process the limit. Additionally, three of the modes were successfully
amplitude of small phase oscillations and radial oscillations of damped in the 352-MHz cavity [5]. Table 2 lists the remaining
the bunch are reduced as energy increases; this is defined as HOMs to be studied, their corresponding frequencies and
synchrotron radiation damping (3]. The radiation damping rate modes in an equivalent (348 MHz) pillbox cavity (radius

is a constant while the instability growth is proportional to the 0.33m, length = 0.375 m), and the per unit difference between

stored current. The current at which the instability growth is the two. The difference is small enough that the pillbox can be
used for a good model.

The submitted manucript has been authored
"Work suppored by U.S. Department of Energy. Office of Basic by I contractor of the U. S. Government

Energy Sciences under Contract No. W-31-109-ENG-38. under contract No. W-31-109-ENG-38.En g SAccordingly. the U.S. Government retains a
nonexclusive, royalty-free license to publishJ
or rproduce the published form of this
contribution, or allow others to do so, for
U. S. Government purposes.
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Table 2 Figure 1

Mode f(pillbox f cavity (cavmpjillbox a
TM 110 554.0 (588.7 1.0626 0.0626
TMO 12 872.0 922.5 1.0579 10.0579 Cf
TMII 97. 962.0 0.9887 0.01 13
TMI20 1014.0 1145.0 1.1293 0.1293 10Shd sam e .
TMO13 1249.0 =1210.8 0.9684 0.0305

TM122 1292.0 11219.2 0.9437 0.0563

Verification of the HOM field configuration in the pillbox
for each one of the frequencies under consideration was done
by performing a bead-pull measurement. According to pertur- All of the modes listed in Table 2 were found in the
bation theory, the resonant frequency of a mode in a cavity is waveguide. Figures 2, 3, 4, and 5 show graphs of the signal
shifted when an object is placed inside the cavity, by [6]: versus position of the seven probes that were placed in the

broad-wall of the waveguide. As shown in Figures 4 and 5,
f it (EIDo - EODI) - (H1BO ,- MBI) dv only one of the modes found in the waveguide had E-field corn-

--. I ponents perpendicular to the broad-wall and side-wall. The
III (EAo- H~o) dv loop coupler was located on the radial wall of the pillbox. As a

VO result, the variation of the E and H fields along the length of the
The bead-pull measurement setup consisted of the pillbox, a cavity with respect to the loop was the main contribution to the
small conducting needle epoxied to a silk string, an apparatus to determination of the configuration of the mode in the
suspend the string through the beam axis of the conducting cav- wavegude. Figure 2
ity, a stepper motor to step the needle through the cavity, a -50
Hewlett Packard 8753 C Network Analyzer to take measure-
ments of the phase shift of the resonant frequency due to the -60 -.. 4

needle, and for automated control of the 8753 C, an IBM PC. .........

From the results of the bead-pull measurements and their corn- CO -7A.> 53L262 WW34:

parison to a previous bead-pull done on the prototype single- 3418%f
Ccell RP cavity [7], Table 2 was confirmed. as'

III. MEfASUREMENTS IN WAVEGUIDE -9 * .14 N

To obtain the measurements needed for the determination of -1001 1_________________
the mode configuration of the HOMs at the frequencies of in- 1 2 3 4 5 6 7 8 9
terest, the pillbox, analyzer, and waveguide components were WG Brood-woII Probes
arranged as shown in Figure 1. The ioop coupler used to couple fe aiymd gmd
the RF power from the waveguide into the cavity was inserted 348.17 cavity TMOde wgmod
into the pillbox and the transition between the coaxial loop 548.678 (MHz) TMIlO TEIO
coupler and the waveguide was attached to the coaxial end of 5221.626 (MHz) TMl120 TElO
the coupler. A straight section of half-height WR230010.4(M ) TM O TO
waveguide, 1.2 meter (k.), was added to the transition and it -5"F*gutre 3
was terminated with a sliding waveguide short. In the center of-
the straight section, perpendicular to the flanges, small E-probe
antennas were inserted. They were evenly spaced along one -70.
broad-wall and one side-wall for measurement of any E-field 8723u.

that would be perpendicular to the wall of the guide. V
Because some shift in frequency was expected due to the -8 aA

.21 ..e 'insertion of the coupling loop into the cavity, bead-pull mea- V- -',

surements were taken at each frequency to verify that the *' 5,, 6 *'

correct mode was being excited in the cavity. Measurements F90 t
were taken from the E-probe antennas at each corresponding
frequency. The sliding short was used to optimize each reso- -0C ___________________

nant frequency in the guide which provided the best possible 1 2 3 4 5 6 79
signal from the probes. 'NS. Bracd-wmciI Prctes
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freq cavity mode wgmode
867.213 (MHz) TMO12 • TE30 Table 3
962.813 (MHz) TMI12 = TE30
1.28677 (GHz) TM 122 • TE30 (treqHOM VSWR freq HOM VSWR(MU-z) (GHz)!552.24 17.228:1 1.0143 3.970:117.22.:1 30.900 :1

-' .. 867.11 57.367:1 1.2442 30.004:1
"961.5 1.322:1 1.2867 I 4.850:1

- :o ]V. CONCLUSION

'V The above measurements show that the HOMs listed in Ta-
--6 ble 2 are coupled into the waveguide. The measurements of the

standing wave ratio (VSWR) of the WR2300 hybrid indicate
that three of the six modes under consideration will not be

"- -• /damped by the coaxial loads in the hybrids and will require ad-
ditional waveguide dampers.

-Icc , ,
1 2 3 4 5 6 7 8 9 VI. REFERENCES
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Those modes which couple into the waveguide and are not
damped by loads on the hybribs become resonant and will re-
quire waveguide dampers. The previous measurements were
taken with the waveguide terminated in a short resulting in to-
tal reflection. This will not be the case in the storage ring RF
system. Rectangular waveguide components generally are not
broadband devices and the impedance of the component varies
substantially at frequencies other than the designed fundamen-
tal frequency. In order to determine which HOM frequency
will couple to loads and be damped and which will become
resonant in the waveguide. a measurement of the VSWR of the
component at each HOM frequency was made. The first com-
ponent that was measured was the WR2300 3dB Hybrid.
Results are listed in Table 3.
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The Design and Production of the Higher-Order-Mode Loads for CEBAF*

Isidoro E. Campisi, Lynda K. Summers, Ben H. Branson, A. Michelle Johnson and Aldo Betto
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909

Abstract load is such that its leading edge is a., close as possible to the
At CEBAF, 676 Higher-Order-Mode (HOM) loads are corner where the electric field is zero for all TE waveguide

being installed, within the beam vacuum at 2 K, to damp modes which dominate the HOM pow. r extraction at the
HOM's that affect the stability of the recirculating electron lower and most critical frequencies (Fiqure 1). With this
beam. In this paper, the requirements imposed on the loads geometry a very compact loads design is achieved (Figure 2)
and the microwave absorbing material comprising them are which can be assembled in a few economical manufacturing
discussed together with an analysis of their performance and steps.
effect on some relevant modes.

11.57 cm
I. INTRODUCTION 0 0 000 0

The Continuous Electro. Beam Accelerator Facility
(CEBAF) will provide by design an electron beam of 200 pA %%
with an energy as high as 4 GeV. This performance is o0
achieved by recirculating the electrons up to five times in two L.OO
antiparallel linear accelerators which make use of niobium su-perconducting cavities resonating at 1497 MHz and kept at 2l

K. When cold, the vacuum in the cavities is better than 10-10 000 0 0
torr. Any c ,mponent that is placed within the accelerator must
satisfy ., number of environmental constraints designed to Figure 1. CEBAF's HOM load assembly. The geometry is
prevent surface contamination of the superconducting cavities designed to effectively match to several waveguide modes and
or excessive heat dissipation on the part of the fundamental over a broad frequency range.
mode which must have an unloaded Q of at least 2.4.109 at
5 MV/m. Under normal operating conditions only tens of mil-
liwatts of HOM power per cavity are expected making it
thermodynamically advantageous to keep the loads at 2 K.

The electrical properties of the HOM loads must be such
that they provide return losses of about 10 dB, in the special
size ItOM rectangular waveguide (1.500" x 3.110"), from
1.9 GHz (the waveguide cutoff) up to 10 GHz and beyond, in
all the possible waveguide modes and at any frequency in that
range [1]. This requirement translates into damping some of
the modes from Q's potentially in the 109-1010 down to the
102-103 level.

The tlOM loads developed for CEBAF provide the
proper attenuation by using a compact yet broadbanded de-
sign [2]. This design incorporates an absorbing material de-
veloped specifically for this application which shows dielec-
tric properties independent of temperature [3] and high ther-
mal conductivity [4]. This makes it an ideal material for sev-
eral accelerator applications [5].

Figure 2. The CEBAF ItOM load assembly, with the stainless
II. LOAD DESIGN steel flanges and the t-razed lossy ceramic parts. The load is

only 7 cm long, thanks to the high dielectric constant of the
A. Geometry absorber material.

The cutoff frequency of the IlOM waveguides is 1.9 Gttz B. The Material
for the TEl0 mode. Above 3795 MHz, additional modes (TE20,
TE01, TE1 1, TMI1, etc.) propagate in the guide, contributing to A totally new ceramic material had to be developed to
the extraction of the tlOM power. Since the best matching of provide temperature-independent absorption down to 2 K. The
a dielectric absorber to the electromagnetic waves occurs at ceramic composite is based on the artificial dielectric model
locations where the electric field is lowest, the design of the [61171. It consists of a mixture of aluminum nitride (a matrix

which provides good strength and high thermal conductivity,
S o60-80 W/[m.K1 [41) with glassy carbon spheres of 3-12 Pm

Supported by US DOE Contract # DE-AC05-84ER40150 diameter which dissipate most of the microwave power
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(Figure 3). Glassy carbon is an amorphous form of carbon o
produced by pyrolysis of phenolic resins [8]. The material is 2
hot pressed [91 to achieve full density vacuum compatibility. 2K

S10
14

16

10

1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8

Frequency (GHz)

Figure 5. Return loss of AIN glassy carbon measured at 2 K
/ 2and at room temperature.

"III. PRODUCTION

S, , A. Production Components and Assembly

Most of the fabrication steps for the production of the

Figure 3. SEM image of the ceramic artificial dielectric used HOM loads were developed at CEBAF and several assembly

in the construction of CEBAFs loads. Note the glassy carbon procedures were performed in the laboratory to guarantee

spheres embedded in the aluminum nitride ceramic. uniform quality and control of production parameters.

The relative dielectric constant needed to meet CEBAFs Ceramic ycling Cleaningne
requirements was determined to be in the range 20-30, with a EInspection To 77K I c

loss tangent greater than 0.1, over the frequency range of 1 to
6 GHz [10]. The dielectric constant and the loss tangent of the
AIN-glassy carbon composite as a function of frequency were Dielectric Pre- RF Cleaning
measured at room temperature using a Hewlett-Packard di- Testing Brazing ,.esung
electric probe HP85070A in conjunction with a HP8753C
network analyzer (Figure 4)[11]. Dielectric and magnetic
properties to 20 GHz were measured by Hartung [121. His Rejection Inspection Brazing Bake Out

data show that the losses have no magnetic component and
that the dielectric loss tangent increases monotonically to
higher frequencies. Cavity Ac ce Sample

Isalto Testing
Er4• tan 8

0.4
Figure 6. Flow chart of the production process. At any step

00.3 before the final braze, parts can be rejected and/or reworked
3Dielctric constant 0 without major loss of added value. A fraction of the accepted

loads undergoes more severe tests.20. 0.2
tan 8 The ceramics are manufactured by industry [9] as hot-

10. 0.1 pressed tiles which are tested prior to cutting and approved for
compliance with the above dielectric properties' ranges. The
ground parts are again tested with the dielectric probe to

0 5 1 6 0 ensure repeatable microwave performance. Approved ceramic
2 3 4 5 6 parts are brazed together in high vacuum with Ticusil®

Frequency (GHz) (Wesgo), and the load's return losses measured before final

brazing to the support flange. The temperature ramp rate to
Figure 4. Dielectric constant and loss tangent of AIN loaded and from the melting point of the alloy (830 °C) is controlled
with glassy carbon. AIN alone has a dielectric constant of to avoid thermal stresses to ceramic material.
about 8 and a loss tangent < 10-4 at room temperature. The 316L stainless steel flange with 16 .tin electropol-

ished surface finish provides a backing for the indium seal. A
Measurements of the loads' return losses at any temperature copper support is brazed to the stainless steel flange. The
between 1.5 and 300 K show that the dielectric properties of copper part prevents excessive stresses at the ceramic-to-metal
the material are independent of temperature in that range braze. In other applications, this copper support can also be
(Figure 5). This independence was corroborated by direct thermally grounded either to the helium bath or to other heat
measurement of HOM's Q's at low temperature. sinks to remove larger amounts of dissipated power.
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Flange inspections ensure that the surface finish require-
ment of 16 gtin, or better, is consistently met at the indium 1.00E-03
sealing surface area. The flange surface is also visually in- 3-- AlNGC 2.91 ,cm3

spected for stains, scratches, machining marks, pits, and other 1.00E-04 --------- :.

imperfections which could lead to unreliable vacuum seals
and/or possible surface contamination of the cavities. Any sur- .00E-05 ."
face irregularity within the sealing surface is cause for flange ':

rejection. Special care is also taken to measure the dimensions . _ :.OOE-06 :
of the copper insert in the flange. Tight dimensional tolerances c t~ i.. AI/C2 n 3

are required to make the ceramic-copper braze structurally 1.0OE.O..-0 --

strong and insensitive to the thermal cycling.
As Figure 2 shows, the load consists of two ceramic parts. -0-- -

Every ceramic piece is inspected for dimensional tolerances as 0 10 20 30 40 50 60
well as for the presence of any visible flaws such as chips, Pumping Time (min)
laminations, cracks, or inclusions. Ceramic parts are then
thermally shocked three times by submersion into liquid ni- Figure 7. Comparison of vacuum pump-down times for two
trogen to test the structural integrity of the material, lots of ceramic parts. Different densities correspond to

Return loss measurements are performed on the brazed different lots of glassy carbon powders.
ceramics at room temperature using a single test flange. The
final braze of the ceramics to the flange is performed after the IV. CONCLUSIONS
return loss measurement to eliminate the possibility of
damaging a cleaned flange during RF testing. The HOM loads developed at CEBAF provide damping

A comprehensive final inspection is performed on each of higher-order modes at any temperature between 1.5 Kand
load prior to cavity installation. Under current production pro- room temperature and are compatible with the accelerator

cedures, the load acceptance rate is greater than 95%. Five ultra-high vacuum. The reproducibility of their properties
percent of the accepted loads undergoes subsequent testing of leads to dependable and well-controlled production. The

RF, vacuum, and mechanical properties at cryogenic tempera- special characteristics of the ceramic composite developed for
ture. These test loads are not installed in the accelerator, be- the CEBAF HOM loads make it an ideal material in other ap-

cause some of the tests ca" nptentially damage the indium seal plications where vacuum-compatible, temperature-indepen-
surface or the ceramic-to-metal joint integrity. Lifetime ther- dent, high thermal conductivity materials are needed.
mal cycling tests have indicate'J that the loads can withstand V. ACKNOWLEDGMENTS
and exceed the equivalent of 21, years of operation thermal cy-
cling in the accelerator environment. The authors would like to thank G. Pauley and K. Finger of

B. Uniformity and Production Experience CEBAF for their valuable contributions to the development
and production of the HOM loads.

In excess of 1200 AIN-glassy carbon ceramic parts have
been processed and have undergone extensive testing and VI. REFERENCES
inspections and have been utilized in the construction of more
than 600 HOM loads. Although occasional deviations from [11 J. J. Bisognano, CEBAF TN-0147, July 1989.
specifications have been observed, the production has [21 I.E. Campisi, U.S. Patent No.07/522,131.
proceeded with consistent results [31 R. Hutcheon and M. De Jong, 1993, private communica-

Variations in dielectric constant of the ceramic composite tion.
over the production have ranged, depending on the glassy car- [4] T. Guiton, 1993, private communication.
bon lot, over ± 5% within a given lot and by as much as [51 I. E. Campisi, et al. Proceedings of the First Workshop on
+ 10% from lot to lot. The latter variation seems to be also as- Microwave-Absorbing Materials for Accelerators
sociated with minute density differences of the ceramics. Lot- (MAMAs), (I. E. Campisi and L. R. Doolittle, Eds.)
to-lot variations can be compensated for by adjustments in the CEBAF, Newport News, Virginia, February 22-24, 1993.
concentration of the glassy carbon (by as little as 0.1% by [6] I. S. Jacobs, "Advanced Artificial Dielectric Materials for
weight). This control on the dielectric constant is a primary Millimeter Wavelength Applications", Report 90-SRD-
advantage of artificial dielectric composites and makes it pos- 001, GE CRD, Schenectady, 1990, and references therein.
sible to consistently maintain this parameter over large pro- [71 B. Mikijelj and I. E. Campisi, op cit.. ref. [51.
duction quantities. [8] Manufactured by SIGRI Inc., Germany.

Most of the ceramic material manufactured by Ceradyne [91 Manufactured by Ceradyne Inc., Costa Mesa, California.
meets and exceeds the UHV standards needed for installation [101J. J. Bisognano and I. E. Campisi, CEBAF TN91-065,
in the superconducting cavities. One batch of ceramics manu- 1991.
factured from a specific glasfy carbon lot yielded parts with [Il ]I. E.Campisi, L. K. Summers, K. E. Finger, and A. M.
slightly lower density (less than 1% lower) but with notably Johnson, "Microwave absorption by lossy ceramic
higher baseline pressure (Figure 7). By standard thermo- materials", in Microwave Processing of Materials Ill,
gravimetric analysis of the glassy carbon powders prior to hot Proc. MRS Symp. Vol. 269, 157-162 (1992).
pressing it is however possible to select lots which predictably [12]W. Hartung, D. Moffat, and T. Hays, "Measurements of
provide parts with full density and extremely low outgassing the electromagnetic properties of some microwave-
rates (less than 10-11 toff liter/[s.cm 2]). absorbing materials", op cit., ref [5]
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The High Level RF System for Transition Crossing without
RF Focusing in the Main Ring at Fermilab*

J. Dey, C. M. Bhat, A. Crawford, and D. Wildman
Fermi National Accelerator Laboratory

P.O. Box 500 MS-306, Batavia, IL 60510 USA

Abstract

A new method for crossing transition at the
Fermilab Main Ring has been developed. Near
transition a third harmonic component is added to the
fundamental RF voltage producing a flattened RF
waveform. To generate this waveform required the
development of a third harmonic system consisting of a 0.4 .

159 MHz cavity, a perpendicularly biased tuner, and a
10 kW power amplifier. The cavity is a modified CERN
SPS 200 MHz cavity whose frequency was lowered to I .5U .,,
159 MHz by inserting two sleeves at the cavity gap.
This cavity is electrically tuned over a 60 kHz range by
using an orthogonally biased Iron-Yttrium-Garnet WIN• m
ferrite tuner. The power amplifier is a grid driven
tetrode that has a 3/4 X anode resonator and produces a Figure 1. Modified RF Cavity profile with copper
RF cavity gap voltage of greater than 300 kV. The extension in nose cone.
power amplifier drives the cavity by way of a coupling
loop. An overview of this high level RF system and the cavity gap shorting bar were also added to the CERN
resulting waveform will be given, cavity.

To lower the cavity resonant frequency to 159
I. THE RF CAVITY MHz, two different methods of increasing the gap

capacitance were considered. One idea was to suspend

The RF cavity design called for a single cavity a large annular metallic ring in the center of the cavity

capable of developing a peak gap voltage of 270 kV over between the nose cones. This method would require
a ± 30 kHz tuning range centered at 159.08 MHz W. inserting the ring in sections through the 6" dia. access

The cavity would operate for up to 20 ms around the ports and assembling it inside the cavity. The tuning
transition time with a repetition rate of less than 0.5 Hz. ring would require a rigid support structure and a

A tunable, high Q cavity was considered to be desirable means of external cooling. A simpler approach, shown

in order to reduce the 159 MHz final amplifier power in Figure 1, was taken of making two new OFHC copper
nose cone extensions that could be shrink fitted into therequirements. One of the CERN SPS 200 MHz RF exsignecos.Texstgwarcoldoe

cavities for LEP operation [2] was generously sold to existing nose cones. The existing water cooled nose
Fermilab for conversion to 159 MHz operation. The cones would provide both a rigid support and a meanstouprinopn, of cooling the new extensions. The installation of the
bare 200 MHz SpS cavity without its coupling loop and extensions was a two step process. First two aluminum
HOM suppressor has a Q of 50,000 and a shunt etwihasgtlsmlrdaeerhntefnl

impedance of 8.5 MQ. To modify the CERN SPS cavity inserts with a slightly smaller diameter than the final
for the transition crossing experiment the resonant copper extensions were machined and inserted into thefore the d transition crossiexpedfrime20 the resoMantnose cones through one of the access ports. Thefrequency had to be lowered from 200 MHz to 159 MIIz, positions of the aluminum inserts were then adjusted to
a perpendicularly biased ferrite tuner needed to be maximize the cavity Q at the new cavity center
attached, and a new input coupling loop had to be frequency of 159 MHz. Once the aluminum inserts were
installed. A mechanical tuning slug to set the final in their correct positions, retaining stops were placed
adjustment of the center frequency and a removable behind the inserts in the beam tube section of the cavity.

The aluminum inserts were then removed. The actual
OFHC copper extension sleeves were then cooled to

*Operated by Universities Research Association,Inc. liquid nitrogen temperatures and inserted through the
under contract with the U.S. Department of Energy. access port into the nose cones until they touched the
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retaining stops. With the copper extensions in place, the 159.10-
gap spacing was reduced from 27 cm to ll cm. The final
100 kHz adjustment of the cavity's resonant frequency
was made with a 6" dia. X 3" long cylindrical aluminum Z 159.05-
tuning slug which was mounted in one of the access .
ports. The position of the slug could be adjusted under i' 159.00
vacuum by a rare earth magnet coupled linear motion <D

feedthrough. After retuning, the cavity's Q was 36,000.
The cavity gap voltage was calibrated using a LL 158.95

small B-field loop pick-up embedded in the cavity wall
and an HP85024A 3 GHz active probe with a xlO probe
tip placed directly across the copper nose cones. The 158.90• .
gap monitor pick-up was adjusted to give a gap to 0 500 1000 1500
monitor voltage ratio of 30,000. Bias Current (A)

The cavity is installed in the FO straight section Figure 3. Tuner Frequency vs. Bias Current.
of the Main Ring in place of one of the normal h=1113
accelerating cavities. The 159 Mhz power amplifier and 8000
anode resonator are located in the FO service building
directly above the cavity in the Main Ring tunnel. 7000 _.
Power is transmitted to the cavity through a 1-5/8" 50 02
transmission line to a coaxial feedthrough with a 6" OD 6000'
X 2" ID X .75" thick alumina ceramic disk window. This
coaxial structure is terminated in a coupling loop whose 5000
impedance is nominally matched to the 50 Q output
impedance of the power amplifier anode resonator. It is
not necessary to water cool the coupling loop due to the 4000
low duty cycle for this experiment.

3000' .... ... ~~y y..

II. PERPENDICULARLY BIASED TUNER 0 500 1000 1500
Bias Current (A)

Figure 4. Tuner Q vs. Bias Current.

•TRANS-TH In order to tune the cavity over its 60 kHz
G510 FERRITE tuning range an orthogonally biased ferrite tuner shown

in Figure 2 was built. The tuner uses three 5" OD X 2.75"
ID X 0.5" thick Trans-Tech G510 aluminum-doped, Iron-
Yttrium-Garnet ferrite toroids. These high frequency,
low loss ferrites are separated by water cooled, radially
slotted OFHC copper plates which are welded together
to form the outer conductor of the tuner structure. The
OFHC copper coupling loop has an area of 54 cm 2 and
is attached to the tuner center conductor through a 3.5"
dia. cylindrical alumina ceramic vacuum window. This

CERAMIC design allows the ferrite loaded section of the tuner to
VACUUM be removed from the cavity while the cavity remains
WINDOW under vacuum. The biasing magnetic field is generated

by a solenoid formed from a double layer of 32 turns of
0.25" OD X 0.049" wall, water cooled, copper tubing
wound on a 6.5" diameter. The current to the solenoid is
supplied by a 0 - 2500 A pulsed dc supply. The output

•COUPLING current of the supply is controlled by a feed-forward
LOOP program which is a function of time in the acceleration

cycle and a feedback circuit which compares the phase
of the cavity gap monitor signal to the phase of the low
level RF drive signal. These two circuits allow the

Figure 2. Perpendicularly biased ferrite tuner.
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cavity phase to be controlled to within ± five degrees of and the third harmonic gap voltage monitor. The error
its required value throughout the tuning cycle, signal is then used to adjust the 159 MHz grid drive

The measured frequency tuning range and amplitude to maintain the constant 13% ratio. Figure 5
tuner Q as a function of the solenoid bias current are shows the result of summing the 159 MHz and 53 MHz
shown in Figures 3 and 4. The frequency tuning data fanback signals to produce the required non-focusing
shown in Figure 3 was taken before the final adjustment waveform.
of the mechanical tuning slug in the cavity which
accounts for the lower center frequency value.
Assuming a maximum allowable ferrite power
dissipation of 0.5 W cm-3, the total Q is only allowed to
change from 5000 to 7000 during the tuning cycle. This
restriction on the tuner Q limits the cavity tuning range
at high power to 62 kHz.

1II. POWER AMPLIFIER AND ANODE
RESONATOR

The power amplifier final tube is an Eimac Figure 5. Oscilloscope trace (2 ns/div.) of non-focusing
4CW25000B water cooled tetrode. It is operated class C RF waveform.
in the grounded cathode, grid-driven configuration. The
tube is mounted in a modified Eimac SK-360 air cooled V. REFERENCES
socket with 11 - 1000 pf screen bypass capacitors. The dc
plate voltage is supplied by a 9 kV, 18 A dc anode [1] Synchrotron Phase Transition Crossing Using an
supply. The output power level is adjusted from 0 - 10 RF Harmonic, J. Griffin, Fermilab TM 1734 (1991).
kW by varying the RF drive level to the tuned grid input
circuit. The anode resonator circuit consists of a fore- [2] The New RF System for Lepton Acceleration in

The nod resnatr crcui cosiss ofa fre-the CERN SPS, P. E. Faugeras, H. Beger, H. P.
shortened 3/4 X., 50 Q coaxial aluminum transmission Kindermann, V. Rodel, G. Rogner, and A.

line shorted at one end. The lower quarter wave section Warman, P .1987 EE PAC, Wn D.

of the resonator has an adjustable output tap point and Warman, Proc. 1987 IEEE PAC, Washington D.C.,

is separated from the rest of the resonator by a 2000 pf 1719 (1987).

dc blocking capacitor. The tap point is nominally set for
a 50 Q1 output impedance. The anode dc voltage lead [3] Operational Experience with Third Harmonic RF

and the water cooling tubes for the 4CW25000B anode for Improved Beam Acceleration Through

are attached to the center conductor of the resonator at Transition in The Fermilab Main Ring, C. Bhat, J.
an RF voltage minimum. The resonator is designed so Dey, J. Griffin, I. Kourbanis, J. Maclachlan, M.

that the peak RF voltage developed in the resonator is Martens, K. Meisner, K. Y. Ng, and D. Wildman,

approximately twice the RF plate voltage swing on the these proceedings.
power tube. A 3" dia. aluminum tuning slug, mounted
through the side wall of the resonator, is used to adjust
its center frequency. The unloaded Q of the final tube
and anode resonator circuit is 2000.

IV. THE RF WAVEFORM

To produce a non-focusing RF waveform, the
amplitude of the third harmonic should be kept at 13%
of the fundamental 53 MHz component which itself is
increasing from 1.85 to 2.08 MV during the transition
crossing time 131. The amplitude of the third harmonic
grid drive low level signal is controlled by a time
dependent amplitude program and an amplitude
feedback error signal. This error signal is derived by
comparing the amplitude of the diode detected RF
signals from the Main Ring RF fanback 53 MHz sum
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RF System of the CW Race-Track Microtron-Recuperator for FELs

V. Arbuzov, S. Belomestnykh, A. Bushuyev, M. Fomin, N. Gavrilov, E. Gorniker,
A. Kondakov, 1. Kuptsov, G. Kurkin, V. Petrov, I. Sedlyarov, V. Veshcherevich

Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

Abstract S600kW

Geometry, engineering design and characteristics of an amplifier RF cavities Waveguide

RF cavity and a tetrode power amplifier are described.
They are parts of an RF system at the frequency of
181 MHz. The cavity has a copper clad stainless steel
body and has a Q of 42,500 and a shunt impedance of Coax lines

9.0 MOhm. Two cavities have been successfully tested tip B-_A i __s
to an accelerating voltage of 1.2 MV what is 30% over the cavity avities cavities
design value. One of them is mounted into the Duke's stor- 20kW 200kW

age ring at Duke University. More than 20 RF cavities will amplifier amplifiers

be built and installed in a race track microtron-recuperator I n I r
for FEL program at Novosibirsk. The RF power amplifier
has a modular design. Several single tetrode modules can Figure 1: Scheme of RF system for microtron-recuperator.
be easily combined in a high power unit. Two modules
were used during cavity tests. A CW RF power of 300 kW
was obtained from this unit. This type of tetrode moduleswil beuse indifferent e-€+ colliders and storage rings, wave length is equal to two free-space wave lengths. There-
will be used in dfore the coax-to-waveguide transitions are spaced by each

half of the guide wave length.

INTRODUCTION A design of the coax-to-waveguide transition and a
length of coaxial line to a cavity are chosen so that the

A 60 MeV, 1 A CW race-track microtron-recuperator is matrix of transmission from the waveguide to a cavity has

to be built at Novosibirsk for a free electron laser project a form: 0 i]G whereG=IV isatransconduc-
[1]. An RF system is one of the key parts of this ma- ( iG 0 wi

chine. Due to beam-cavity interaction during the acceler- tance (I, is a current, driving a cavity, and V1 is a waveg-

ation cycle a part of electromagnetic energy, stored in RF uide voltage). Power distribution along the cavity chain

cavities, is transformed to kinetic energy of the electron is proportional to distribution of cavity shunt impedances.

beam. During the recuperation cycle the kinetic beam en- Right phases of cavity fields are ensured by proper rotation

ergy is transformed to electromagnetic energy of the cavi- angles of coupling loops in the cavities. With this scheme

ties. Therefore the average beam loading of RF cavities is the RF current, driving a cavity, does not depend on cavity
small despite a high value of beam current. tune. Emergency operation conditions are excluded due tosm ealdes erator high va em of beam pcuratenat, 1this feature. Similar scheme is used in RF system of the

The accelerator RF system will operate at 181 Mtlz. VP- oldr[]

The main reason of this choice is the availability of RF

high power tubes in Russia. More than 20 single cell RF
cavities will be built and installed in the machine. RF CAVITIES

Geometry of an RF cavity is shown in Fig. 2. The side
GENERAL DESCRIPTION walls have conical shape. It is good for mechanical rigid-

ity and cavity electrical characteristics. The fundamental
Fig. 1 shows a general scheme of the RF system. RF cavity mode is of E 010-like type. It has longitudinal elec-

cavities of buncher, injector, and compensator are driven tric field with angular symmetry. Cavity characteristics
by separate 20 kW or 200 kW power amplifiers. All cavities are summarized in Table 1.
of the main accelerator are divided in 4 groups, each of Cavities have copper clad stainless steel walls. They
them is driven by a 600 kW unit. have low RF losses due to low RF resistance of copper. A

RF cavities, fed from one RF power source, are located high thermal conductivity and a large thickness (8 mm)
at a distance of one wave length from each other. Coax- of copper exclude very high temperature rise at cavity
ial lines of equal length connect cavities to a rectangu- surface. Stainless steel (7 mm thick) provides mechani-
lar waveguide which is used as a power distribution unit. cal strength and prohibits corrosion. All cavity parts are
Waveguide dimensions are chosen so that the waveguide joined to each other using TIG welding.
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576 water with copper walls is excluded. A water distribution

'Main coupler Main system is mounted under the cavity, inside of its support
tuner frame.

All cavities are assembled in pairs. Each pair is
mounted on a single support frame which height is ad-

367 01172 justable. Each cavity can be aligned individually in a hor-
izontal plane.

RF cavities produce X-rays during their operation due
o to field emission from the cavity surface in the areas of

high electric field. The X-ray rate goes up very steeply
with cavity voltage. At V = 1000 kV the X-ray rate at a
distance of I m from the cavity is as high as 4-6 R/h.

Vacuum 1OM tuner Sampling Pilot RF cavities have been successfully tested up to
pump loop an accelerating voltage of 1200 kV. This voltage level was

achieved after many hours of RF processing to suppress
multipacting. Coaxial RF windows have been tested up to

Figure 2: Sketch of the RF cavity, an RF power level of 170 kW.
One of the cavities has been delivered to FEL Labora-

tory of Duke University. It has been installed into Duke's
1 GeV storage ring which will be used for FEL experi-

Table 1: Parameters of the cavity ments. The geometry of this cavity was slightly modified
to accommodate its frequency to the one of Duke's require-

Accelerating voltage - 40-1000 kV ments (178.4 MlIz).
Q value - 42,500
R/Q value - 212 Ohm
Shunt impedance - 9.0 MOhm RF POWER AMPLIFIERS
Resonance frequency - 181.3 MlIz A modular principle of design was applied to RF power
Tuning range of cavity frequency - 360 k~lz amplifiers. It gives a possibility to build power ampli-
Tuning rate - 5 kHz/s fiers for different applications from few standard units. A
Power loss at V = 1000 kV - 110 kW GU-101A CW tetrode [3] with the limiting value of anode

dissipation of 250 kW is used in the output stage. But
for better reliability the RF power, which this module can
provide, does not exceed 150 kW. Several single tetrode

Different units are assembled to cavity flanges. One of modules can be easily combined in a higher power unit.
them is a main coupler. It has a coaxial design. A cylindri- A 20 kW tetrode unit is used as an intermediate am-
cal ceramic RF window is incorporated in it. Coax input plifier stage. It can be used for driving a 150 kW stage. A
line has a wave impedance of 75 Ohm, the diameters of 150 kW module can be used for driving a multitube high
its outer and inner coi),:ictors are 160 mm and 45 mm power unit.
respectively. Anotl: r urt is a sampling loop. It provides A frequency doubler is used in the pre-amplifier unit.
electrical signals which amplitude and phase are propor- Therefore it is driven at a frequency of 90 Mhlz (an input
tional to amplitude and phase of the cavity voltage. They power is 5 W). This way of frequency isolation provides a
are used in the RF control system. better stability of the RF control system.

Two main tuners are used basically for tuning the fun- The output tetrode stage has an original design. It
damental mode. Two additional IIOM tuners are provided provides simplicity of combining the power of several tubes
for making corrections of frequencies of higher order modes and convenience of tuning the stage.
of the cavity. (At some unfavorable circumstances the As an example Fig. 3 shows a schematic view of a
higher order modes may cause beam instabilities). 2-tube 300 kW output stage. Tetrode assemblies are con-

A very high vacuum in the cavity (10-7 - I0" Pa) is nected to a line which is a part of the anode resonator.
obtained by means of a pumping unit PVIG-630 which is a Its size is chosen in such a way that the transfer matrix
combination of a sputter ion pump and a gettering pump. between "a" and "b" has a form: 1 0
But such a high vacuum can be achieved only after baking points 0 -1
out the cavity up to a temperature of 300 - 400*C after its at the operation frequency. A contactiess design of the
assembling. This is possible to do using tape heaters and frequency tuner and the output coupler provides a high
thermal insulation, mounted on the outer cavity walls, reliability and the absence of parasitic modulation. Water

Walls of the cavity and its units are cooled by deminer- and air cooling is used in power amplifier units.
alized water. Special water channels are provided in SS A coaxial line can be used for transmitting the RF
parts of the cavity walls for this purpose. Any contact of power from power amplifier to RF cavities if the distance
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This type of tetrode modules will be applied to different
aveguide Tuner- e-e+ colliders and storage rings. E. g. a 2-tube module

Tetrode. is used in present RF system of VEPP-4 collider. Similar
1 • '4 Tuner modules will be used in RF system of Siberia-2 storage
to .ring. 4-tube modules are being prepared for upgraded RF

no system of VEPP-4.
A 2-tube unit was tested. A CW RF power of 240 kW

"was obtained with a water cooled resistor as a load. The
5_0 Anode 1load limited the power in this case. With four RF cavities

resonance as a load of power amplifier, a CW power of 300 kW was
line Wate obtained.

Air
900 2760
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Figure 3: Design of a 2-tube RF power stage.
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Three years of Operational Experience with the LEP RF system

Sigmund Hansen
CERN, 1211 Geneva 23, Switzerland

Abstract Some rapid adjustments to the remaining units to compensate
for the lost circumferential volts are normally required.[21 The

The LEP copper RF system is characterised by the use of drop out of one RF Unit is refereed to as an "RF trip".
storage cavities coupled to the accelerating cavities; the By constant improvements to the equipment reliability, the
number of such assemblies installed in the accelerator and the number of RF trips have considerably decreased since the
total RF power available. The physical distance between the initial commissioning. Statistics from the operations group
various elements that makes up the total RF system is also show a decrease in lost coasts caused by RF from nine in 1991
specific to LEP. to five in 1992. A coast lost due to RF failure requires more

The RF system has now been running for more than three than one RF Unit to drop out simultaneously or some
years under operational conditions in LEP. We report here on abnormality that affects several units.(RF phase jumps, water
the global operational experience during this period and on the failure, etc.)
performance of the various elements making up the LEP RF Until 1992 LEP operated with a 60' phase advance lattice
system. and a constant synchrotron tune during the ramp from

injection energy of 20 GeV to the collision energy with a Qs
INTRODUCTION of 0.085. For a collision energy around the Z0 peak

(45.6 GeV), this required the RF system to deliver a
The beams circulated in LEP in July 1989 less than two maximum of 250 MV circumferential voltage, corresponding

months after the installation of the last accelerating cavity, and to about 450 KW RF output from each klystron with all
colliding beams for physics started two months later. A full units operational.
description of the copper RF system can be found in [11, but In 1992 LEP was run with a lattice of 900 phase advance
as a reminder, there were initially 128 copper cavity with a corresponding change in the momentum compaction
assemblies installed powered by 16 1MW CW klystrons at factor by two compared to the 60 degree lattice, and therefor
352 MHz.The 128 cavities are divided into 8 Units of doubled the required RF voltage for the same Qs and collision
16 cavities each powered by two klystrons. 22 racks of low energy. With the presently available RF volts it was no
power and controls electronics have been installed in each longer possible to keep the Qs constant at 0.085 during the
Unit. Each of these Units can be run completely independent ramp all the way up 45 GeV. So for physics during 1992
of each other. There are 230 protective equipment interlocks LEP run with a lower Qs at the collision energy than in the
per unit, where any activated will switch of that Unit but not previous years.
affect any of the other Units. The synchrotron frequencies of the two beams are

In each Unit there are 1342 control points that can be monitored continuously in the control room. These signals are
addressed over the control system either locally or remotely. transmitted from one of the RF Units in the tunnel to the

The cavities are installed around two diametrically opposite control room via the optical transmission system. The global
collision points [2 and 61 spaced about 13.5 kilometres apart voltage control system will eventually allow the RF voltage
around the circumference of the LEP tunnel. The central to be adjusted directly as a function of the synchrotron
control room (PCR) is situated at a physical distance of about frequency.
6 KM from pt 2 and 13 KM from pt 6. Each of the accelerating cavities is coupled to a low loss

Superconducting cavities for the LEP upgrade to higher spherical storage cavity (figl). This concept increases the
energies are integrated into the RF system as they are being shunt impedance of the accelerating cavities from 26 Mivm
installed. At present the installed sc cavities are still in a to 40 MK'/m and in this way requires less drive power to
commissioning stage and are not used routinely for operation produce a given accelerating voltage than for a single
although some cavities have been used for physics operation accelerating cavity. The modulated waveform in the cavities
for about 700 hours. The part of the RF system involving (fig 1) set up by the coupled system has been chosen to be two
these cavities is not included in this review, times the bunch frequency for four bunch operation or the

bunch frequency for eight bunch operation per beam. For more
OPERATIONAL ASPECTS than eight bunches per beam, one would have to run the

RF system with a single frequency and with a correspondingly
For a nominal output power of 1 MW from each klystron, lower shunt impedance.

the copper system with 128 cavities can deliver a maximum The modulated waveform can be shifted in phase with
of about 375 MV circumferential volts taking into account respect to the bunch position at each RF Unit. This
the losses in the waveguide system which amounts to about possibility was used to run LEP with slightly different
6% of the total power. The total available voltage was reduced synchrotron frequencies for the electrons and the positrons,
in 1992 when 8 cavities were removed to make room for allowing longitudinal feedback to be applied via the RF
electrostatic separators for eight bunch Pretzel operation. cavities to the electrons and positrons independently. In 1992 a

The way LEP is normally run for physics will allow one dedicated longitudinal feedback system working at I GHz was
RF Unit to drop out without loosing the circulating beams. installed and made operational [3].
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Energy calibration of the LEP beams by the LEP waveguide system (someone run into the system with a
experiments to a precision of a few MeV imposed a very transport vehicle ?) is the main cause for these leaks.
precise knowledge and stability in time of the RF phase with There are 768 ceramic cups in total installed on the
respect to the beams. Dedicated recording equipment have been cavities. These cups houses loops used for monitoring and the
installed for this purpose. tuning control system. After some initial problems with

vacuum leaks these ceramic cups have behaved reliably.
The 384 active piston tuners together with their drive

electronics have performed very satisfactory.So has the rather
,NTERNALoIAMTCA ,Izs. C_ Ocomplex tuning system for the two cavity assembly.[41

Regular maintenance of the drive mechanism for the piston
tuners(cleaning and greasing) as well as frequent changes of air

P, _, _,_•_T filters for cooling fans has reduced trips due to reflections
from the cavities and other interlocks related to the cavities.

INTER CA,, TV• COg VAC B. Klystrons and Circulators

FIEL ..... ... ION The 1 MW CW klystrons working at 352 MHz developed
specially for LEP by two European firms [5] have performed
extremely well.

Out of the 16 initially installed klystrons, ll have by the
end of 1992 operated for more than 17000 hours in LEP. The

- five others have been replaced for various reasons during the
first 5000 hours of operation, all under guarantee from the
manufacturer.

Klystron instabilities that might appear at high output
-,F ,PUI FIE L, power have not been a problem during these three years of
,' " •suNERS 'operation. It should be noted however that the required output

power from a single klystron rarely exceeds 700 KW for
normal LEP operation for physics. Reflected power back into

One unit of the LEP coupled-cavity accelerating structure the klystron from the circulator is kept to a minimum and
constant by the use of a regulation system that compensates

Bunch Bunch impedance variation in the circulator as a function of the
* • a) output temperature of the cooling water.

aElectrically the 1 MW CW circulators have performed
_ Accelerating cavity well. However, a weakness in the mechanical design of the

water cooling circuit leading to water leaks, provoked some
b) problems early on in LEP operation. This weakness in the

Strg --------y b design has since been corrected for by the manufacturer.

C. High Voltage Equipment

The maximum operating voltage for the 1 MW klystron is
Modulated RF waveforms for a) accelerating cavity. b) storage cavity 90 KV. For normal LEP operation , the klystrons are operated

Fig. 1 either at 77 KV or 88 KV depending on the required output
power. The 100 KV high voltage power supply is located on

EQUIPMENT BEHAVIOUR the surface, whilst the high voltage interface equipment sits in
the klystron gallery next to the machine tunnel. Neither the

A. The Cavities power supply nor the several hundred meter long HT cable
have ever created any serious problems.

Prior to installation in LEP, the assemblies of The high voltage interface equipment consist basically of a
accelerating/storage cavities have all been baked to 150 °C for smoothing capacitor, a modulator connected to the modulation
24 hours and RF conditioned up to 140 KW, well above the anode of the klystron, series resistors , insulating transformers
nominal value of 125 KW. The cavities have not been rebaked and a fast acting crowbar device. The various elements are
after installation, located in separate oil tanks and connected with cables fitted

At present the cavities have about 18 000 operating hours with connectors for easy dismounting.
(including conditioning before installation) at various power Initially we considered to use a spark-gap as the crowbar
input levels ranging form a few kilowatts (injection level) to element, based on excellent experience with such a device in
close to one hundred kilowatts (collision level). the ISR. We did, however, pursue a development in

Out of the 128 input power couplers, we have changed six collaboration with EEV to see if a multigap thyratron could be
which had developed a vacuum leak in the ceramic window, used. Finally we decided to use a five gap thyratron rated for
Five of these couplers were all in the same straight section at 90 KV. This choice was based on several factors, the main one
adjacent cavities and happened after a shut down. We strongly being it compactness and easy triggering. In the initial design,
suspects that mechanical stresses set up by distortions to the a rather complex triggering circuit based on semiconductors
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was used to insure multi-triggering of the thyratron. This way system without modifying the basic concept. Direct Ethernet
of triggering the thyratron gave rise to a lot of spurious firing access to the Data Manager of the individual units together
of the crowbar and have since been changed to a straight- with more powerful processors and corresponding software
forward current transformer. This direct firing of the crowbar improvements in the Data Managers have been the most
has proven to be efficient and reliable, and spurious triggering important changes. These changes allow for a permanent
of the thyratron has by now become very rear. logging and storage locally of all important RF parameters

and also remotely via the general LEP controls system.
D. Low power and controls Due to the distances involved, the possibility for direct

Two optical fibre links are used for the transmission from access to the RF Units from anywhere on the controls network

the LEP control room (PCR) of RF phase and frequency has turned out to be of paramount importance for surveillance
reference to the RF stations at pt.2 and pt.6 of LEP [6]. These and remote fault diagnostics by the equipment specialists.
links have a total length of 5.4 km and 7.9 km respectively
and uses a total of eight monomode fibres per cable without CONCLUSIONS
repeaters. A rather complex transmission system including
optical feedback forms part of these links. A maximum phase To keep a huge high power rf plant like the one in LEP

variation of 800 electrical degrees at 176 MHz has been operational around the clock is not an easy task. The
measured due to length variation of the fibres caused by importance of reliable equipment is obvious, but a certain
temperature fluctuations. The feedback system reduces these built in redundancy is almost as important. This redundancy in
variation to less than a few degreess the LEP RF system is not only found in the design of the

Spurious phase jumps (glitches) have been responsible equipment ,but also in the modular way the total plant is

from time to time of beam losses. These kind of faults are built up. The fact that the beams in LEP will survive if one

rather difficult to localise, especially in a huge system like the RF unit drops out, has made coasts in LEP lasting for 12

one in LEP. These phase jumps have in most cases been hours almost a routine, and more generally beams lost due to

attributed to the regeneration electronics located in the klystron RF failure has become less and less frequent.

galleries rather than the optical transmission system. To detect REFERENCES
and localise such glitches additional analogue diagnostic
equipment have been installed. [1] G.Geshonke, S.Hansen, Status and Performance of the LEP RF

Apart from these occasional problems with phase jumps, System, Proceedings 14 mnt, Conf. on High Energy
the low power electronics has turned out to work very reliably. Accelerators.
The same approach and design is used for low power high [2] E.Ciapala, Global Voltage Control of the LEP RF System,
frequency electronics that is being installed for the LEP this conference.
upgrading with 192 superconducting cavities. [3] E.Peschardt, Longitudinal Feedback in LEP, this conference

The modular approach [7] for the digital control of the LEP [4] P.Brown, Status of the LEP Accelerating Structure,
RF system, together with an interactive local control facility Proceedings PAC 1989
has turned out to be vital for the commissioning, testing and [51 H.Frischholz, The LEP Main Ring High Power RF System,

operation of the RF system. It also allows for additional units Proceedings PAC 1989
with superconducting cavities to be integrated gradually into [6] E.Peschardt, J. Sladen, Phase Compensated Fibre-Optic Links

for the LEP RF Reference Distribution, Proceedings PAC
the controls system with minimum disturbance to the 1989.
operation of the accelerator. Over the years a number of [7] S.Hansen et.al., Digital Control of the LEP RF System,
improvements have been incorporated into the digital controls Proceedings PAC 1989
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Measured Performance of the GTA RF Systems*

Peter M. Denneyt and Stephen P. Jachim
MS-H827, Los Alamos National Laboratory, Los Alamos, NM 87544

Abstract and quadrature (Q) components of the cavity field. These
orthogonal components, Field I and Field Q, are baseband

This paper describes the performance of the RF systems signals that are controlled independently via the I Controller
on the Ground Test Accelerator (GTA). The RF system and Q Controller, respectively. Regulating the Field I and
architecture is briefly described. Among the RF performance Field Q vectors implies that the RF cavity field vector is
results presented are RF field flatness and stability, amplitude regulated to the same degree. This assumes, however, that
and phase control resolution, and control system bandwidth the transfer function of the sense loop (cable between the
and stability. The rejection by the RF systems of beam- cavity and Downconverter, the Downconverter, and the
induced disturbances, such as transients and noise, are Vector Detector) remains constant. Since long-term phase
analyzed. The observed responses are also compared to stability has not been implemented as yet [6], all the
computer-based simulations of the RF systems for validation, measurements presented in this paper will address short-term

stabiifty. The Field Amplitude and Field Phase stability can
I. INTRODUCTION be derived using the following simple equations.

In recent months, an experiment was performed on GTA Field_ Amplitude = 4Field_ 12 + Field- Q2  (1)
that resulted in the successful commissioning of the 3.2-MeV
accelerator [1]. The 3.2-MeV stage included four RF Field_ Phase = TAN (Field_ eQ/Field_ l) (2)
accelerating cavities along the beam line: a radio frequency
quadrupole (RFQ), two intermediate matching sections As an independent verification of the Field Amplitude
(IMSA and IMSB), and a drift tube LINAC (DTL1). The stability, cavity field signals from various pick-up loops were
measured performance of the RF control systems with and also measured by Envelope Detectors.
without beam disturbances is presented.

III. TEST RESULTS
I1. RF SYSTEM DESCRIPTION

A. Waveform Digitization Measurements
Much has been written in the literature regarding the

design of the RF control system for GTA [2-5]. For ease of In order to analyze various control parameters, including
understanding the measurements, however, a brief noise rejection, a waveform digitizer was employed. The
explanation of important concepts is in order. digitizer possessed four synchronous data channels that

Figure 1 shows a block diagram of the essential RF allowed beam data and RF control system data to be
system operating in closed-loop control. Additional modules measured simultaneously. The sampling rate was 5
can be incorporated for improved performance [6-10]. MSamples/s and its effective resolution was 9 bits (due to
However, that is beyond the scope of this paper. digitizer noise). This provided measurement capability of

_+0.4% resolution of a full-scale signal. Because the Field I
and Field Q measurements needed to be resolved to within ±
"0.1% for noise analysis, this was clearly a limiting factor.
Fortunately, however, the I Loop Error and Q Loop Error
signals were magnified by a factor of 10 before being sent to
the digitizer, so the Field I and Field Q signals could be
derived to ± 0.04% using the following equations.

,.,ON1 .Mý Balp, arc.* r" ,Field_.! = I_ Setpoint - I- Loop- Error (3)

Field_ Q = Q_ Setpoint - Q- Loop- Error (4)
Figure 1. Block Diagram of the RF Control System

Figure 2 shows synchronously taken data of the RFQ
The implementation used to achieve the ± 0.5% and ± beam input current, the RFQ Field Amplitude and RFQ Field

0.50 error specification relies on the control of the in-phase (I) Phase Error. The RF-related data was derived from the Vector

*Work supported and funded by the US Department of Detector signals. Table I summarizes the Field Amplitude
Defense, Army Strategic Defense Command, under the and Field Phase characteristics for both the RFQ and DTI, I
auspices of the US Department of Energy. RF systents.
t Industrial Partner: Grunman Corporation
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measurement was only ±1%. Further testing using higher .- MON
resolution digitizers is required to quantify correlations. Table Figure 4. RFQ Field Amplitude and Field Phase without beam
2 shows relative disturbance rejection of the RFQ and DTL I
closed-loop systems. A constant voltage signal was applied at Table 2. Relative Di~sturbance Rejection of RFQ & DTL I
the output of the I Controller while the Field I was measured. AW--m 9Elk ns "Xk I k 78 lk Mgmak 2UZ1
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IV. SUMMARY
B. Single Sample per Pulse Measurements

To summarize, all RF control systems exceed the
Equipped with 12-bit A/D converters, the Vector performance specifications with and without the beam present

Detector and Envelope Detector synchronously sampled the in the cavities. As expected, the amplitude and phase errors
Field 1, Field Q, and various Field Amplitude signals at a are greater wiLh beam present. However, further testing and
single point during the RF pulse. A single snapshot cons,,ted analysis is required to quantify any cross correlations. The
of 15 consecutive pulses. By incrementing the timing along increase in forward RF power while the beam is present may
the RF pulse, the field flatness was measured. Figure 5 shows also contribute to the noise. Comparisons between measured
the flatness of the DTL1 Field Amplitude without beam as results and computer simulations will be the topic of future
measured from the Envelope Detector. investigation.

1,005- Good agreement of the standard deviations was noticed
1.0041 y. 10002 - 1.3020.Gx + .S15..t^2 R,'V o.os5 between the RFQ waveform digitization measurements and
1.003- the single sample per pulse tests. Also, there is excellent

! 1.002 agreement of the standard deviations betwecn Vector
.- 1,.o".t | | .. | | | | .| Detector and Envelope Detector Field Amplitude. This, in

S0,999" I essence, verifies the accuracy of the measurements.
S 0.998
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Improved RF System for Aladdin*
Kevin J. Kleman

Synchrotron Radiation Center, University of Wisconsin - Madison
3731 Schneider Drive, Stoughton WI 53589 USA

Abstract
A new 50.58 MHz RF system has been installed in the Z=57 0

Aladdin synchrotron light source at the University of
Wisconsin - Madison. A more compact aluminum RF cavity RFOut
was constructed to make the original RF straight section
available for a future insertion device. The original grounded X2
cathode 4CW100000E power amplifier was also modified to
improve its stability and control system. The new system de-
livers enough power to run the cavity at maximum gradient
while supporting large beam currents. New low level RF 50Q
electronics were constructed, including low level RF feed- F
back. Feedback allows the use of a smaller RF bucket at
injection to improve beam capture and eliminates operational
difficulties with the Robinson instability. Operational results
with the new system are presented.

I. INTRODUCTION Figure 1. 4CW IOOOOOE Amplifier Circuit
The original Aladdin RF system consisted of an alumi-

num quarter wave coaxial resonator and a grounded cathode Anode Voltage 9 kV
4CWI00000E power amplifier[ 1i. Stability problems with the Screen Voltage 1.1 kV
PA prompted the acquisition of a surplus Collins 20 kW Grid Voltage -215 V
amplifier that had previously seen service on SPEAR. The Load Imp ce 5500
ring has been running with the Collins unit since commis- Poad Gan 550d
sioning. The original cavity was installed in a long straight Power Gain 23 dB
section that is now desired for future use by an insertion Anode Bias Current 2.8 A
device. The need for higher gradients during I GeV operation Power Output 35 kW
also prompted the construction of a new cavity. The only
place available for a new cavity was a short section at the Table 1. Power Amplifier Operating Parameters
beginning of a quadrant of bending magnet cells. A much
smaller aluminum cavity[2] was designed which had approxi- B. Instability Cures
mately the same Q and shunt impedance as the original Operation of the power amplifier into a high Q cavity
cavity. This gave an opportunity to address the problems of load presents some w e proble The interaction of the anode
the original power amplifier. The 4CWI00000E amplifier resonator tap with the feedline and coupling loop results in a
was modified to correct its problems. New low level pair of resonances in the plate circuit about 5 MHz above and
electronics were built and the system tested with the new below the operating frequency. These unloaded resonancescavity insuring that it performed properly before installation, present a very high impedance to the tube anode. In addition

the bandwidth of the neutralization circuit is limited due to
II. POWER AMPLIFIER the X/2 phase inversion line. The combination of these effects

causes a stability problem that is not evident unless operating
A. Modifications with a narrowband resonant load.

Improvements made to the power amplifier (Fig. 1) The solution to the problem is to provide damping for
consisted of the addition of a 50 ohm grid damping resistor the off frequency resonances without dissipating too much
and simplification of the neutralization circuit. The power at the operating frequency. To accomplish this both the
neutralization cable is now connected to the grid end of the power amplifier and cavity are overcoupled by a factor of
input circuit in parallel with the RF drive, three. The resulting standing wave on the X2 connecting

The amplifier is operated at rather low bias levels for a feedline has a voltage minimum at the center when the cavity
tube of this type. This is because the tube's full output is resonant and a voltage maximum when off resonance. The
capability is not needed and a low anode load impedance is addition of shunt resistive loading at the center of the line
desirable for stability. A section of 3 1/8 inch rigid coax one produces the required damping while dissipating only a small
half wavelength long connects the PA to the cavity, percentage of the RF power. Figure 2 is the output from a
Impedance matching at the amplifier is through a tap on the SPICE simulation showing the effect of a 2500 damping
coaxial anode resonator. A coaxial rotatable joint at the cavity resistance at the center of the feedline on the anode load
end allows the adjustment of the cavity coupling coefficient. impedance as a function of frequency. The damping reduces

the impedance of the undesirable resonances to approximately
* the level seen by the anode at cavity resonance.

Work supported by the NSF under contract DMR-92-12658
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8k~ .inl .i ..--- th snessary to keep the RF voltage low so as to limit
-1 - te amplitude of the energy oscillation. However, the voltage

must be kept high enough to stabilize the beam against phase
cn6 k ... .instability as the beam loading is inversely proportional toV/Rs. An effective feedback mechanism is the solution to

4k ndarpe meeting these conflicting requirements.

- - -- - - - -- - There are several approaches to solving the beamC Drampe loading problem[3]. Wideband amplitude and phase control"12k l loops are not suitable for this purpose due to the very large

beam loading factor. Feedforward compensation is a
0 - possibility but the sensitive amplitude and phase adjustments

, L Lare a discouragement. Baseband feedback processing using
42 46 50 54 58 in-phase and quadrature components[4] would be practical

FREQUENCY (MHz) but complicated. Clearly in our case the simplest and most
Figure 2. SPICE output showing off resonance behavior effective solution is the use of direct proportional RF feedback

to lower the effective shunt impedance of the cavity as seem
IV. LOW LEVEL RF CIRCUITRY by the beam thereby reducing beam loading.

An RF feedback loop is implemented at low level with a
A. Circuitry summer and amplifier module that can be switched into the

The low level RF stages (Fig. 3) are conventional in signal path at the output of the low level RF stages. A pair of
design. A modular approach was adopted to allow easy serv- SPDT PIN diode switches allows the feedback to be turned on
icing and modification. Amplitude and phase control are per- and off under remote control. The signal from a cavity pickup
formed by a double balanced mixer acting as a current is adjusted in amplitude to match the drive signal amplitude
controlled attenuator and a phase shifter using a quadrature without feedback and is summed out of phase with the drive
hybrid loaded with varactor tuned series LC circuits. The signal. The difference signal is amplified and fed to the driver
amplitude control loop uses a compensated schottky diode amplifier. The loop gain is 20 dB increasing the effective
detector to measure the cavity field. A phase loop locks the cavity bandwidth to about 50 kHz and lowering the effective
phase of the beam signal generated by a pickup to the master shunt impedance to below 100 kW.
oscillator phase. Both of these loops have modest bandwidths During commissioning it was found that the Robinson
(<500 Hz) because the RF feedback already reduces any low instability was affecting the beam even with the feedback op-
frequency noise in the system. An ENI 5100L amplifier is erating. This problem was more severe at high energy.
presently used to drive the power amplifier. If high current Inspection revealed a phase error in the feedback loop that
operation at I GeV is desired this amplifier will be resulted in the system being tuned to the unstable side of
inadequate and a 300 W MOSFET amplifier module will be resonance. Although it is not immediately obvious, a phase
constructed to replace iL error in the feedback signal will result in a shift in resonant

frequency of the system when the feedback is turned on. This
V. RF FEEDBACK effect is clearly shown in Figure 4. The phase of the RF

The injection scheme of Aladdin imposes some unusual feedback was advanced 10 degrees from the out of phase
requirements on the RF system. An unbunched beam is in- condition. This shifted the system resonance to about 10 kHz
jected from a 100 MeV microtron at a rate that is much faster below the RF frequency, providing Robinson damping and
than the radiation damping time. This makes injection and eliminating the problem. This shows that the use of classical
stacking more critical than usual. The energy loss per turn is Robinson damping must still be considered when using RF
only 4 eV at injection so most of the beam will be captured if feedback, especially with modest loop gains such as employed
it can be held within the machine aperture. To capture effi- here.

Beam Pickup
Figure 3. Aladdin RF System Block Diagram
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feedback at injection have verified that the dependence of the
Robinson instability on cavity tuning has be eliminated. With
feedback it is also possible to lower the cavity voltage by 50%
from the level required without feedback without causing
instability. This is enough to improve beam capture and
stacking significantly. The result of this is that typical stored
beam currents are increased by about 15 percent over the no
feedback case. The low current stacking rate is nearly
doubled.

Operation at 800 MeV is reasonably good. There are
several coupled bunch modes that appear to be generated by
high frequency HOM's in the cavity but they do not impair
machine operation. Initial tests using RF feedback revealed
additional instabilities. The bunch modulation resulting from
these instabilities interfered with beam position measure-
ments. This problem was traced to HOM transmission
through the RF feedback loop. An additional bandpass filter
inserted before the driver amplifier eliminated the problem.

Figure 4. Effect of RF feedback on system frequency response Since the high energy coupled bunch problems appear to
The reactive impedance required to obtain Robinson be caused by one or two modes at about I GHz, There is a

damping is better obtained by misphasing the RF feedback particularly simple damping method that will be investigated
instead of detuning the cavity. The effect of cavity detuning is as soon as machine time is available. Preliminary ex-
reduced by the feedback loop gain. The result is that the periments have shown that a section partially loaded with
power amplifier is required to drive a very reactive load, microwave absorber inserted into the feedline will damp the
which contradicts one of the original reasons for using RF; offending HOM's by means of the cavity coupling loop. The
feedback. Slightly misphasing the feedback also shifts the frequency dependent loss of the material will possibly allow
resonance of the system, altering the impedance seen by the the use of enough material to significantly damp the 1 GHz
beam. This provides Robinson damping without introducing a HOM's while simultaneously providing the much smaller
large reactive component in the load impedance, allowing attenuation required to damp the feedline resonances at 50
efficient operation of the power amplifier. MHz. The feedline damping network could then be replaced

by the absorber section resulting in a much simpler
V. PERFORMANCE arrangement.

The performance of the new system has been quite satis-
factory. Injection is much improved due to the elimination of VI. REFERENCES
a HOM problem in the old cavity that caused periodic de- [1] E. M. Rowe, IEEE Trans. Nucl. Sci. NS-28, No. 3, 2780
bunching of the beam at high current, severely impairing (1981).
stacking above 150 mA. The lower number of low frequency [21 K. J. Kleman, these proceedings.
HOM's in the new cavity design and the damping of modes [3] D. Boussard, IEEE Trans. Nucl. Sci. NS-32, No. 5,
that are present has resulted in a reduction of the equilibrium 1852 (1985).
bunch length at injection by about 30 percent. Tests using RF [41 S. P. Jachim, E. F. Netter, Proc. of the 1989 IEEE

Particle Accelerator Conf., Vol. 3, 1870.
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The ALS Storage Ring RF System*

B. Taylor, C.C. Lo, K. Baptiste, J. Guigli, and J. Julian
Lawrence Berkeley Laboratory, University of California

I Cyclotron Road, Berkeley, CA 94720 USA

Abstract
The ALS Storage Ring RF System is characterized by the

use of the following features:
1. High power loading of two single cell cavities.
2. The use of a tubular ceramic input window employing

aperture coupling.
3. The use of waveguide filters and matchers designed for

HOM absorption.
4. A comprehensive HOM monitoring system.
5. The use of waveguide water-wedge loads for the magic

tee and circulator loads.
The results of cavity measurements and high power tests

are reported together with the performance of the system
during the commissioning and operation phases of the ALS
project. Plans for future window development are discussed.

I. INTRODUCTION

The ALS Storage Ring RF system employs two single cell
cavities fed via a magic "T' from a circulator protected high
power 500 MHz klystron. The system is capable of delivering
150 kW cw at each cavity input window. Some unusual
features of the system are the use of tubular ceramic cavity
coupling windows and the use of water wedge waveguide Figure 1. Single Cell Cavity [2]
loads for the circulator and magic tee[ I].

III. CAVITIES MEASUREMENT ANDII. RF CAVITIES DESIGN AND PERFORMANCE

CONSTRUCTION

The RF cavities are a further adaptation, progression and Table o

development of the aperture coupled toroidal cavities used at Unoae Q M 40,000

the "SRS" Daresbury Laboratory machine. Firstly, the cooling

system of the cavity was redesigned by the manufacturer to Shunt Impedance = 10 Mf2 (2ZT2 L)
dissipate 70 kW employing a turbulent flow of -130 gpm (US)
and a At of 2°C. Extra cooling was also added to the Design Peak Effective Volts = 750 kV
waveguide connecting flange and the tuner neck area. VPT
Secondly, the disc ceramic input window of the SRS design Mechanical Tuner Range = -0.6 MHz to +3 MHz
was replaced by a ceramic cylinder which extends the full 18"
of the WR 1800 waveguide greater dimension. The cavity will, Coupling Factor 6 = I to 3 with tubular
however, still accommodate disc windows. Thirdly, a hybrid window
SRS/LEP tuner was designed using a LEP drive system but Max Power Dissipation Test = 70 kW cw At 2C inletto outlet
retaining the SRS-style non-contacting tuner and tuner well Normal Controlled Water = 40C + 0.5C

arrangement. Fourthly, the manufacturer[21, who also made Temperature

the SRS cavities, chose an inside out arrangement as compared Highest Outer Envelope Spot = 50C (70 kW input water

to the SRS construction method. The inner shell of the ALS Temperature at 40"C)
cavity is machined and welded whereas the complex outer Ceramic Window = -0.2"C/kW (at mid point
shell and water passages are electroformed. The general Temperature Rise of tube)
arrangement of the bare cavity is shown in Figure 1. The
higher order mode damping port is at the right of the picture. Cavities were tested under vacuum to 70 kW cw in the

LBL cavity test facility. Some instances of sparking due to dc
*This work was supported by the Director, Office of Energy charging of the ceramic were encountered at -50 kW. This
Research, Office of Basic Energy Sciences, Materials Sciences
Division of the U.S. Department of Energy under Contract No. DE- effect was either traced to inadequate window antimultipactor
AC03-76SF00098. coating, or the problem conditioned out with prolonged
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running. This exercise proved the excellence of the window HaM excitation is visible on all of the 30 pick up antennae
arc detectors designed by C.C. Lo. A conditioning period of available in the HOM damping systems. When running a
about 20-30 hrs was normally adequate for the cavities. 40mA mean, 4 bunch beam, HOM power interference was

At the time of writing, two cavities have operated in the experienced by ion gages and IR temperature monitors
ALS storage ring with a total input of -110 kW producing a mounted on the cavity. No gross beam effects however, were
400mA (250 Bunch) stored beam at 1.5 GeV, lifetime being noticed. An examination of the ALS cavity HOM
vacuum limited at this stage. characteristics is presented in a companion paper[3].

IV. WAVEGUIDE SYSTEM AND HOM V. FUTURE DEVELOPMENTS
ABSORBERS

The presence of a ceramic disc window in the coupling
The basic waveguide HOM filters and HOM monitoring port of a cavity lowers the cut off frequency of that port. As a

devices follow the proposals made in the authors' original result, for the same size coupling port, a higher coupling factor
ALS RF paper[ 1] of 1989. The actual layout of the waveguide B may be obtained with a disc window than with a tubular
system is shown in Figure 3. window. The relative figures for an ALS cavity are, Bmax disc

The magic tee dual H plane and E plane HOM filters and -5.0, Bmax tubular -3.0. Experiments have been conducted
tee wedge water load are accommodated on the shield tunnel showing that the coupling factor of a tubular window may be
roof, feeding downwards to the cavities, increased by providing ridges on the coupling aperture in the

The waveguide 300 kW circulator and load are also on the manner of a ridged waveguide. Such a shaped aperture may
tunnel roof. This layout has proved very compact and has also be effective in increasing the coupling out of lower
released valuable real estate at ground level for experimenters' frequency HOM components, both from the input coupling
use. The waveguide wedge loads although large have worked port and other ports.
well providing an excellent match and acting as power A problem sometimes encountered with ceramic windows
absorbers over a wide range of frequencies. Quiet in operation of all kinds is the phenomenon of dc charging of the ceramic,
the loads share one 3/4 HP pump for water circulation the attendant dc sparking leading to RF arcing. The ALS

Numeric data on the power absorbed by the HOM filters tubular window has been designed with a central
and "transparent" matchers, when the cavities are beam access/inspection port in the top cap. The effect of a biased
excited, has not yet been collected. The fact, however, that a collector electrode coaxial with the window ceramic will be
400mA 250 bunch beam of 1.5 GeV can be rapidly and explored in order to diagnose or possibly suppress the charging
smoothly accumulated is significant. Plentiful evidence of action.

(j Directional Couplers 1.5kW Bifurcated Air Cooled HOM Loads

45' Trim Variable Phase Shifters ® Sliding Bifurcated Shorts

® 300kW Water Wedge Loads 7 300/300kW Ciculator

Magic Tee 8 500MHz Cavity

RlUL 9$4-590

Figure 2. Storage Ring Roof Waveguide Layout
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I. INTRODUCTION (four per cavity) are increased from 275 pF to 600 pF.
Including 130 pF of intrinsic capacitance the stored energy is

The AGS operates a varied program of proton, heavy increased and the R/Q decreased by a factor of 1.8. This is
ion, and polarized proton acceleration for fixed-target the practical limit of additional loading capacitance because of

experiments and will soon serve as the injector of these beams Q-loss phenomena in the ferrites at high bias fields.

into the Relativistic Heavy Ion Collider, RHIC[1]. The new
Booster synchrotron[2] extends the range of intensities and
masses that can be accelerated. The 1.5 GeV injection energy II. POWER AMPLIFIER
increases the space charge limit by a factor of four to more
than 6 x 10i" protons per pulse. To accommodate the The Upgrade Power Amplifier uses the Thomson-
increased beam current the rf system will be upgraded to CSF TH573 300kW power tetrode in a single-ended grounded
provide more power and lower impedance to the beam. The cathode configuration. The choice of tube was based on
flexibility of the if system will also be enhanced by virtue of many factors of which the current and power handling
a new rf beam control system[3] and installation of individual capabilities required at phase transition were the most
tuning servos for the ten rf cavities, important. Other factors in the choice included conservative

rating for long life and a low plate resistance.
The fundamental necessity for upgrading the rf

system is to deliver more power to the accelerating beam. At At phase transition the load is reactive and the
6 x 1013 ppp the power demand will peak at 740 kW. The operating line for the tube is elliptical. Because of this, plate
present ten power amplifiers can produce 40 kW each. dissipation at phase transition will be typically 200kW with a
Moreover, stability of the beam and the rf system in this peak plate current of 125 amperes. During the acceleration
heavily beam-loaded regime demand that the effective cycle, at maximum beam intensity, the average plate current
impedance of the cavities be reduced. The intrinsic impedance will range from 24 to 33 amperes. At maximum acceleration
of the cavities (given mos'ly by losses in the ferrites) is about the anticipated plate dissipation will be 100kW and the peak
16 k0 which implies a generator current at 20 kV (midrange) plate current will be nominally 80 amperes. Combined power
of 1.25 A. At full intensity with short bunches the beam output, cavity losses plus beam loading, will be as high
current will reach 7.2 A, giving a beam loading parameter[4] 200kW. The power tube is biased so that it operates in an
of Y=5.8. An impedance reduction of at least a factor of ABI mode. The operating parameters are as follows:
three is called for in order to avoid multi-loop instabilities[5].
An additional requirement also applies. Since the AGS is Plate voltage .................. l2kVdc
batch-filled by four injections from the Booster it must Screen voltage ................ 1500 Vdc
operate with a partially filled ring and transient beam loading Grid bias ...................... -370 Vdc
effects are important[6]. Transient beam loading is a Quiescent cathode current ...... 5.0 amperes
broadband phenomenon and therefore determined not by the RF plate voltage(maximum) ...... 10kV peak
impedance of the cavity but by its R/Q.

The cavity impedance is lowered by the low dynamic
Three key ingredients of the upgrade project address plate resistance (unusual for a tetrode, about 500 0 at full

these requirements; 1. new power amplifiers provide the drive) which is coupled to the gap by a 1:1 balun.
necessary power, and are closely coupled to the cavities, 2.
wideband if feedback reduces the effective impedance by a The required drive for full output is less than 300
factor of 10, 3. the capacitors loading the acceleration gaps Volts peak if, thus the control grid never is driven into the

positive region. The power amplifier is packaged in an all
*Work performed under the auspices of the U.S. Department aluminum enclosure and located at the cavity for close
of Energy coupling. All controls and associated power equipment and
1) Permanent address, CERN circuitry are located outside the tunnel.
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III. RF FEEDBACK

The proximity of the power amplifier to the cavity 7 4eCx50
allows the implementation of wideband rf feedback. Although . -0 3
the feedback does not change the demands made on the power 67 >.. T_

amplifier, it does change profoundly the beam loading .0 1 :00' A-.

interaction. In essence, the voltage induced by the beam L7 50 0,5 "
(within the bandwidth of the feedback) and therefore the __ 4eucCI
effective beam loading parameter are reduced by the open- -_

loop feedback gain. The gain, however, is limited by time 4 -
delay around the loop which reduces the phase margin. Low >
phase margin causes the closed-loop impedance to increase -20d8 T-O Fo gra
with respect the open-loop value away from the cavity 0T o '573

resonance. This effect can reduce the threshold for multi- '6

bunch instabilitiesl7]. This system achieves 20 dB gain with B31s
a time delay of 80 ns and less than 3 dB of impedance
increase. Figure 1 shows a block diagram of the system. GX(s) Figure 2. Feedback amplifier and tuned transformer
represents the cavity, G2 the power amplifier, H is a
broadband voltage divider measuring the gap voltage, and The interstage network is optimized for minimum
G,(s) is the feedback amplifier. The magnitudes of the gains open loop group delay since the local feedback has wide
at resonance are indicated. bandwidth. Commercial hybrid transformers, ANZAC

HH627, are used for the summing junction to close the
--- ------------------------ feedback loop with 23 dB loop gain. Figure 3 shows the open

t40d9 beam and closed loop frequency response and group delay of the
feedback amplifier. At the resonance frequency of the

G, (- G, Fr Vg0P transformer the closed loop group delay is 50 ns.

CHI /RGEM 1Og MAG 5 dB/ REF 0 08 1:--.0022 08
H k-181 B92 5 MHZ'7 I

Cor Al_ 
-E3__ _

Figure 1. Block diagram of rf feedback servo system. ___ _ _ _ _ ___

The feedback amplifier, GI(s), is also a closed-loop --

system. It must drive the power tube control grid (950 pF) to -

300 Volts peak with a minimum of phase shift. A tunable
inductance in parallel with the grid makes the grid impedance CH2 B/RM deay 100 no/ REF 500 fl 1: 50.242 fo

real. The inductor is tuned via an open-loop program based 4.18 _2 _ _35 Mz!

on a measurement of the ff drive frequency, which may vary
from 1.7 to 4.5 MHz. The Q of this tuned circuit should not Io-
be high because then the accuracy of the tuning program -

would have to be high. The Q is set to < 5 by a 200 0 power - -

attenuator connected to the grid. This attenuator (-20dB)I I_
serves as the feedback element for the local loop. Using a 200 1 1!
O load proved superior to transformer matching a 50 0 load ___ ___ -_• ' __"

because the transformer led to spurious resonances at high START 200 kHz SP 20o.2 MHz

frequency. The inductor is an autotransformer of eight turns
wound on two 125 mm o.d. toroids of 4M2 ferrite with 54 x Figure 3. Feedback amp., freq. response and group delay
31 mm cross section. The open loop gain to the 200 0 load
is 46 dB, achieved with two stages of four EIMAC 4CX350 The loop around the cavity is closed by sensing the
tetrodes in parallel. Radiation hardness precluded solid state voltage at one of the gaps with a capacitor voltage divider of
devices. Figure 2 shows the feedback amplifier circuit. -37 dB and summing with the cavity drive signal via another

sum and difference hybrid (developed and produced in-house
for this application). The gain from the grid of the power tube
to the acceleration gap is 40 dB so that the loop gain around
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the cavity is 20 dB and 200 W of drive power is required for modes could be damped by installing 40 0, 25 mm diameter
10kV per gap, ie: 400 kV per turn. Figure 4 is a by 600 mm power resistors in parallel with the bus bars. The
measurement of the open and closed loop frequency response mode due to the line between the power tube and the cavity
of the cavity loop. remained. The effect of this mode on the rf feedback was

CHI B/A&M log WAG 5 US/ REF 0 dE :U. 166 d greatly reduced by taking the feedback from the gap itself, as

~0 F - HZ apposed to the anode of the power tube.

* __ __ -V. BEAM TESTCor

_ _-A prototype of the power amplifier and the rf

__ A feedback was tested in the AGS ring. A single, low
___ _ _ _ ,. _ __ - longitudinal emittance, bunch was accelerated to 1.2 GeV in

S____ _ -' the Booster and injected into the AGS ring with the rf on. The
_, _ ._ ____- __ __ bunch executed quadrupled oscillations in the miss-matched

bucket and attained a minimum length of 28 ns. This bunch
Figure 4. The open and closed response of the cavity loop. served as an impulse stimulus to the test cavity. The response

The frequency axis is linear, I to 21 MHz. of the cavity was observed with the feedback on and off and
is shown in Figure 6. One can see that the free oscillation is

IV. HIGHER MODES IN THE CAVITY damped within two rf cycles with feedback on. The FFT of
these responses are also shown in the figure. Since the

Although the feedback system is intended to have Fourier transform of the impulse response is the impedance
gain only within + 0.5 MHz of the cavity resonance, higher of a system, these plots show the impedance reduction due to
order responses of the cavity were seen to cause four spurious the rf feedback, a factor of 12.
peaks in the loop gain between 12 and 25 MHz, all potentially
unstable. See Figure 5. The responses are caused by spurious -

inductances of the cavity assembly. The cavity comprises four f • A
cells of ferrite loaded push-pull resonators connected in A A A A 11 1 A 11 1 1

parallel by three pair of heavy copper bus bars, which also
carry the ferrite bias current (1200 A). The gaps of the
resonators are loaded with 600 pF capacitors. Since the V V V I I .
combined length of the bus bars is 2.5 m, they and the ___ " __ _ -

capacitors form standing wave resonances in this band. The
coupling line between the power amplifier and the cavity is of _ _ I __ _

comparable length, forming a system of four coupled modes.

CHI A/B log MAG 10 d8/ REF 0 d8 1: -27.195 d0

Fiur6 Cvtyeponseto an imus". op, edbc
-r - - ,- Y2 . off. Middle, feedback on. Bottom, FFTs of above, linear

_ . axes,abscissaiszeroto20MHz.
7'_4
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Abstract klystron is characterized by typical operating parameters as
listed in table i.

We present initial results of performance testing of
the RF power system built for the Rocketdyne Free Electron Table 1.
Laser program. The RF power system consists of a SLAC Nominal operating parameters of a 5045 klystron
5045 klystron pow'ered by a modulator unit built by the Beta
Division of the Titan Corporation. The system is capable of PARAMETER UNITS VALUE
providing 65 MW, 3.5 ,sec macropulses at 180 pps and operating frequency MHz 2856
employs innovati"'e feedback and feed-forward control beam voltage kV 350
techniques in order to achieve amplitude flatness and phase beam current amps. 420
stability. Preliminary if amplitude, pulse flatness and phase pulse repetition frequency pps 180
stability measurements indicate phase stability better than peak rf output power MW 65
±1° and pulse flatness better than ±0.25% are achievable at average rf output power kW 45
the 65 MW operating point.

I. INTRODUCTION Operating experience accumulated at SLAC with the 5045
klystron suggests an average tube life of 40.000 hours.

The Rocketdyne Free Electron Laser group is
currently under contract to demonstrate a high-current. B. Modulator
high-brightness electron beam injector based on a
photocathode-driven, if microwave gun wvith magnetic The modulator was designed to power the 5045
compression. The if power system supplies the electron- klystron over a large operating range by providing variable
beam injector (11 with highly regulated if power at the 5-10 PFN charging and variable pulse repetition frequency. The
MW level. The remaining 55 MW of available if power required PFN voltage needed to achieve a 350 kV pulse at
will feed four linac sections allowing electron beam energy the klystron is give by:
to be increased from 5 MeV to 80 MeV. The high-
brightness, 80 MeV electron beam will enable FEL
operation in the visible portion of the spectrum using V•, -2Vbeam _ 700[kV] 47[k](1)
previously fabricated undulators [2]. 15 15

II. SYSTEM DESIGN The design goals for the if power system were to design and

fabricate a robust, highly regulated system capable of
A. 5045 Klystron Tube operating at variable peak power levels between 20 MW and

65 MW and variable pulse repetition frequencies between I
The klystron unit was purchased by Rocketdyne and pps and 180 pps. The most challenging specifications were

supplied to Titan-Beta Corporation for integration into the rf placed on if pulse flatness and phase stability.
power system. The klystron unit consisted of the klystron
tube, solenoid focusing magnet, 15:1 oil-immersed Table 2.
transformer and high-voltage cable. The SLAC 5045
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RF pulse specifications for the RF power system The software was written to provide a relatively simple user
interface for control of the rf power system.

RF PARAMETER UNITS VALUE
pulse width 11sec 3.7 D. Interlock System

peak power MW 20 -65
pulse repetition frequency pps 1 - 180 Another important feature of the if power system

phase stability degrees ±10 uas the interlock-chain design built to prevent component

pulse flatness % ±0.25 damage due to unsafe operating conditions. The interlock

pulse jitter nsec ±10 system was built with first-fault detection capability to assist

long term ampl. stabilit) O/,hr +±0.5 operators in rapidly debugging system problems.

short term ampl. stability O/6/5 min. ±0.2
III. EXPERIMENTAL TEST SETUP

C. Control System The if pulse characteristics were measured by
outcoupling a small fraction of forward-going if power from

An innovative control system was designed to a test port located just downstream of the kl stron. The if
achieve the desired performance goals which would power was attenuated to levels compatible with a lHP detector

incorporate differing levels of feedback and feed-forward w~hich was used to measure rf amplitude and pulse flatness.

control on both phase and amplitude parameters associated A portion of the formard-going power was diverted to the

with the rf drive and high voltage pulse supplied to the phase measuring system where it was mixed w~ith the rf

klystron. It was felt that controlling the flatness of the high reference to provide a phase error profile across the pulse. A

voltage pulse to the klystron at the ±0.1% level would insure Tektronix 540 oscilloscope was used to display and analyze

rf pulse flatness at the ±0.25% level. If this approach was the captured data as illustrated in figure 2. The

not sufficient to meet rf pulse specifications then modulation measurement of small error signals in the presence of large

of the if drive amplitude and phase would be added to obtain current loops associated with the rf power system required

the required rf specifications. The rf power system design judicious placement of highly shielded cables in order to

incorporated a number of feedback and feed-forward control keep the signal to noise within acceptable levels.

loops, as depicted in figure 1., to achieve the desired
regulation and stability. to MYpU

R~ ed
Refiua~d

Amplitde Fedfor~wf LmW*F - I*O FWM PW
TCk CI D9114 I " of

5RC Range Cnenteing Loop

Figure 2. Block diagram of the test setup used to measure rf
pulse parameters.

Figure 1. Block diagram illustrating the feedback and feed- .4. Measurement System Calibration

forward control loops built into the control system. Calibration of the detectors. attenuators,

The need for control of the rf power system from a remote outcouplers and phase measurement system Aere crucial in

area was required and accomplished by incorporating an verifying compliance with contractual specifications.

IEEE 488 bus which linked the rf power system interface Calibration of the total if output power using a power-

module with a Macintosh II computer running LABVIEW balance technique was attempted but did not provide

soft-are. The rf power system could run in either local adequate calibration accuracy at low average power

mode or remote mode set by a switch on the control panel. operation necessitated by the damaged klystron window. A
peak power meter %as used to measure the magnitude of
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outcoupled if power and calibrated against the supplied if Thc phase %ariation across the pulse Aas measured at ±1* as
output pow~er curves as a function of beam voltage and depicted in figure 4.
current. The phase measurement system was calibrated
against controlled variation of the phase shifter.
Manufacturer specifications w~ere used for detector.,. 1W 0000.1 S ACqýUiSIti"'S

attenuator and cable characterization. L
Mi.1 OMSOX= Velrt2 OX No.-,

IV. PERFORMANCE DATA v y' L44 I

3.4m

measurements of if output parameters. as listed in table 2.. at ________

three peak power levels (20.45,65) MW and two pulse Ai.-

repetition frequencies (10,180) pps. In addition, a 6 hour
"heat-run" at the system's maximum average power levecl was-- -T - - --
required to measure system robustness. Unfortunately, a ... ..
vacuum mishap resulted in a klystron window failure which
w~ould not permit high-average power if operation. The if Ch .0rV 450zC4N-

amplitude flatness was measured at the 65 MW and 10 pps -10.0mV SCons

operating point. The if pulse flatness at 65 MW peak output
power was achieved by employing two arbitrary waveform
generators used to control both phase and amplitude Figure 4. Oscilloscope trace depicting a) if pulse flatness
modulation of the if drive signal. Achieving the required (top trace) and b) if pulse phase stability (bottom trace) at
flatness and phase stability necessitated an interactive the 65 MW and 10 pps operating point.
process of looking at the captured scope trace and adjusting
each arbitrary waveform generator in such a manner as to The heat run w~as performed with reduced pulse wiidth using
modify the pulses so that they conformed to the required the klystron in diode mode and lasted just short of the
specifications. The resultant oscilloscope trace as depicted required 6 hour test.
in figure 3. indicates that ±-0.22% was achieved for pulse
flatness at the 65 MW and 10 pps operating point. V. REFERENCES

[l1 M. Lampel et~al.. these proceedings.
(21 R. A. Cover et. al., SPIE Proceedings Vol. 1868, Los

013 Zoom: 2.OX Vort I=2. r Angeles, CA (January 1993)
Ly7 .

A + e

.......... ........... .....

M Sl0IU 014 I --IUTRY

Figure 3. Oscilloscope trace depicting if pulse flatness at
the 65 MW and 10 pps operating point.
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The LEP IH RF Power Generation System

H. Frischholz

CERN, 1211 Geneva 23, Switzerland

Abstract As can be seen from Fig. I the general layout of the
LEP II RF units is very similar to that of LEP I. The main

By means of the LEP II RF System the maximum circum- difference are the substitution of the copper cavities by super-
ferential accelerating voltage will be increased from 350 MV conducting ones and the need of only one klystron per
at present to about 2000 MV, required for the W+ pair RF unit.
production at centre-of-mass energies around 180 GeV. The At a specified sc cavity voltage gradient of 5 MV/m a total
accelerating voltage will be provided by the existing copper accelerating voltage of 136 MV will be produced by one RF
RF cavity system (LEP Phase I) and 192 superconducting RF unit. At beam intensities of about 5 mA/beam the required
cavities to be installed in LEP by 1995. These sc cavities will RF power will be then 1300 KW.
be powered by 12 high power klystrons via junction circu- By operating the klystrons at 100 KV and 20 A, the full
lators and a WR 2300 waveguide power distribution system. capacity of the HV power converters, the rated klystron output
Compared to the existing LEP I installation the output power power could be increased from 1000 to 1300 KW. Simul-
of the LEP II klystrons has been increased from 1000 to taneously the RF power handling capability of the circulators
130C KW cw by making use of the full capacity of the HV could also be increased to 1300 KW, even when the output
power converters, rated at 100 KV and 40 A. Simultaneously, signal is fully reflected at any RF phase angle.
the power-handling capability of the junction circulators, when The HV interface [21, consisting of a thyratron crowbar, a
operated into a sliding short, could also be enhanced by the hard tube modulator and a 2 1iF smoothing capacitor, had to
same amount. A description of the LEP II RF power be adapted to the enhanced HV operating voltage. The main
generation system is given and, in particular, the improved modification with respect to the original layout is the replace-
performance of the high power klystrons, circulators, thyratron ment of the 5-gap EEV-CX 1194B thyratron by the 8-gap
crowbars and hard tube modulators is discussed. model CX 2098B of the same firm and the controls and

interlock electronics associated to it.
INTRODUCTION

GENERAL
For the W- pair production in LEP a circumferential acce- For compatibility and cost reasons the general layout of

leration voltage of about 2000 MV is required. This will be the LEP ii RF units is very similar to that of a LEP I unit.
achieved by means of the LEP II RF system; i.e. in addition Bhe Le sunitutis ve copper cat by super-
to the existing LEP I RF system [1] 12 more RF units will Beside the substitution of the copper cavities by super-
be installed in LEP by 1995. Each of these RF units consists conducting ones 13], the use of only one high power klystronof one high power klystron with its HV interface, a junction with HV interface and one high power junction circulator, each

of oe hgh owe klstrn wth ts V iterace a uncionwith improved performance, only minor changes were required.
circulator, a WR 2300 waveguide power distribution system It improved p ance, oninor chan we reuied.with four Magic Tee splitting stages, four cryostat-modules, In order to avoid cavity tuning errors, which can be caused by
acwh of whic houses four superconducting RF cavities, and cross coupling of the fundamental RF signal between adjacentthe associated controls and interlock electronics, cavities [41, the isolation via the feeder lines had to beincreased. Improved intercavity isolation is achieved by

supplying the 100 KW coaxial water loads, required for the E-
FLToN ..... , -1 port termination of the 12 Magic Tees of the two last power

- .... splitting stages (see Fig. 1), with saltwater. The substitution
-I kv IW . L..R6.. of demineralised water by doped water with a NaCt content of

1%0o decreases the reflection of the loads from -17 to -28 dB
2.3W... 1---(_ C...... O 6, / AW!. and improves thus the fundamental signal isolation between

adjacent cavities via the feeder lines from -19 dB to -26 dB.
F _ Another modification concerns the terminating load of the

junction circulator. In case of beam loss the incident RF
power is partly or fully reflected by the sc cavities, i.e. up to
1300 KW of RF power will be diverted by the junction
circulator into the terminating load at its port #3. Minor

- cavity tuning errors also result in high reflected power levels.
, ,, ,For these reasons the port #3 of the circulator is terminated via

a specially developed waveguide-to-double coax transition with
S7a 9 .... two 300 KW coaxial loads. These loads, although limited to a

0 C • -o . -.) H- __ 7 continuous absorption of 2 x 300 KW, are capable to absorb
up to 1300 KW for about 1 minute.

By April 1993 the klystrons, circulators, HV interfaces and
Fig. 1 - RF Power Distribution of a LEP II RF Unit waveguide components had been installed in four LEP II
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RF units, but only in one unit two cryo-modules (8 sc Rated Output Power 1300 KW cw
cavities) are in place. One of the four units Is equipped with Oeang F_ y (fo) 352.21 MHz
two klystrons and circulators, i.e. 8 sc cavities will be
powered by one klystron, in order to gain experience for a I db Output Bandwidth fo ± 500 KHz
possible upgrade to two klystrons per 16 cavities (one DC-to-RF Conversion Efficiency 65%
klystron per 8 cavities, but one HV power converter for two RF-Input-to-Output Gain > 40 db
kly3trons) which might become necessary when the
accumulated beam intensities in LEP would exceed Max. LoadVSWR 1.2
5 mA/beam. The HV power converters, which are of the same DC Operating Voltage 100 KV
type as those for the LEP I RF system, have a rated capacity DC Beam Current 20 A
of 100 KV and 40 A [5] and could thus cope with the max. Gun Perveance 1.5 pAV'1.5
HV power requirement of two klystrons. .......Body Dissipation <_30 KW

KLYSTRONS Focusing Coil Current !<12 A
Modulation Anode Current < 5 mA

In 1990 a programme was launched with industry to increase Collecto.Dissipation Ability .800 KW
the maximum klystron output power by making use of the Collector ___800_KW

rated capacity of the HV power converters. The programme Table I : Main Electrical Klystron Parameters
resulted in a new series of high power klystrons with technical at Rated Output Power
specifications, the main parameters of which are listed in
table I. The main feature of the klystron operation at 100 KV CIRCULATORS
and 20 A is the maximum output power achieved, namely
1300 KW; corresponding to a DC-to-RF conversion efficiency Contrary to the LEP copper cavities, at which the RF
of 65% (see Fig. 2). This is to be compared with the LEP I reflection depends very little on the beam intensity, the
klystron operation at 88 KV and about 18 A where a incident RF power is fully reflected by the strongly over-
maximum output power of 1000 KW is achieved, coupled sc cavities at the absence of beam. Therefore, the

Due to the generation of relatively high accelerating LEP II circulators are specified for 100% reflection, i.e.
voltages at low RF power the output of each klystron must be Pforw = Prefl = 1300 KW cw. Prior to the installation in
reduced drastically during beam accumulation at 20 GeV. LEP each circulator is power tested at full reflection and any
Therefore, the specification calls for a minimum klystron phase angle by terminating the output port with a sliding
beam current of 2.5 A at an operating voltage of 100 KV. short and port #3 with a 1500 KW waveguide load
The output power, which is exclusively controlled by the (VSWR _ 1.05). When at all RF phase angles of the reflected
klystron's beam, is then below 1 KW. The focusing current signal no arcs occur, and the input reflection (Sit), isolation
settings must be such that they can remain unchanged when (S12) and insertion loss (S2 1) fulfil the specifications
the beam current is varied between 2.5 and 20 A. (Table II) the circulator is provisionally accepted. Since the

insertion loss depends on the phase angle of the reflected
"................................. signal the external magnetic field has to be adjusted

accordingly by means of an electro-magnet [1] in order to
obtain the specified values for isolation and input reflection.

Doat: Monday 1 04 9, Tim•:.. 1 37 0 Prior to the high power test the specified values for the
isolation (S12) of -20 and -10 dB within the bandwidth of

-------- .......------.-------- fo ±10 MHz and fo ±16 MHz respectively are verified at
ELYPI, ------R---- -_-.-_-. signal generator power level. The high power behaviour is

S.......... then simulated by the circulation of warm water in the ferrite
SF IN 352:21 ,asz wih ~ te ~ tmeaue

VOLTAGE 99.9 ,V 81. s WATER FLOW 64.28 CU H/H cooling channels which increases the ferrite temperature to
CURRENT 20.0 Amp, R,, , 1• 0 41. 5d TEMP IU 15.9 deq C values as under high power operation conditions.r GAIN 43.55 dB TEMP OUT 35.9 doq C
S P 1998. KM LOAD POWER 1305. KW

1t9t 1992. IM I Fi 20.3 Amp.• 1309. RM) Rated RF Power at lnput Port 1300KWcw
Ptot-Plood.Pcoll Pbody I as 1.6 mA RF RFL 1.870 ..I gip 0.0 UA SU 1.078m 5., I ?Oc 0 .0, Amps Max. Reflected RF Power at Output Port 1300 KW cw
U__/Uc_ t 0.54 V Foci 21;.3 Volts

U t. Foc , 21., V. (at any RF phase angle with respect to
U Foc, 207.0 Volts incident signal)
WINDOW AIR IN 39.1 Dog C
WINDOW AIN OUT 48.4 Dog CST I . C Operating Frequency (fo) 352.21 MHz

BEAR PER 0.,,, UP B0Y POWER 1,., HP (body 4.01 ,,/Cs, 11.5 ,P Output-to-Input-Port Isolation (S1 2)
GUN PER 1.554 uP COLL. POWER 672.0 KP (Water Flo- 000. I/mm)

(sv 679., N,) a) at fo ± 10 MHz < - 20 db
"MD. EFr. (PIOOd/PtOtl 65.49 1 (a. 65.29 §)
EI9C. 1FF. ((Pfwd-Prfl)/Plt ) 65.47 1 (sv 65.27 5) b) at fo ± 16 MHz 10db
Note (ov) is thle avereqo of the loot 10 roaftnqe.Inu<- n

(*" Load Power # 1.00S (sav°•." lde •osses Input Reflection (S 11) _20 db
1wl WAE FO ,00 1/, Insertion Loss (S21) (at Prefn ( Pforw) <0.1 db

3OD? WATER FLIOW 500 I/h ..

Fig. 2 : Computer Printout of a Klystron Acceptance Test (Sample) Table II : Main Y-Junction Circulator Parameters
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Circulators with clockwise and counterclock-wise However, the 5-gap, double ended thyratron CX 1194B in
RF power flow are required in the LEP II RF system. (6 of the crowbar tank had been replaced by the 8-gap model
each). For reasons of compatibility the circulators must be CX 2098B of the same firm. By lowering the voltage per gap
made such that they can be used for both rotation modes by to 12.5 KV the reliability of the HV interface is expected to
simply turning them by 180" around their horizontal plane. further improve. The electronic trigger circuit had been

simplified to a commercially available wideband current
HV INTERFACE transformer the output of which is connected to grid 2 of the

thyratron via a ceramic capacitor. The wideband transformer
The HV interface of a LEP II RF unit [6] comprises a with its incorporated integrator insures thyratron firing at

commutator switch, a smoothing capacitor, a thyratron discharge currents >500 A. when the grid 2 biasing voltage is
crowbar, a hard tube modulator, protection resistors and set to -150 V.
insulation transformers (see Fig. 3). Since the above The cathode/grid 1 area is kept ionised by the +100 V
mentioned components are immersed in oil they must be grid 1 biasing power supply. A current of about 25 mA is
housed in a fire-proof bunker which is located in the klystron drawn, when the cathode is correctly heated, by which the
gallery. The high power klystron to be supplied with cathode, readiness of the thyratron to act as a rapid protection device is
filament and modulation anode voltage is installed at a distance indicated. This current is monitored and incorporated in the
of about 20 m from this HV bunker whereas the distance to interlock system via an optical link (see Fig. 3).
the HV power converter at the surface is about 500 m. The output power of the klystron is controlled by the

modulator via the modulation anode voltage. The modulator

TO KLYSTRC'N ANODE CArHODE HEATER comprises mainly HV power resistors and the HV tetrode
TH 5186, which is suited for 100 KV operation. Its two grids

-__-" _ -have been short-circuited and the tube acts thus as a triode,
K tMD •-•. •requiring only one grid biasing supply. The function of the

01M I tube is that of a variable high voltage resistor. By the resistors
R 1 , R2 and R3 the minimum and maximum modulation
anode voltage and thus the klystron output power (< I KW

"PS and 1300 KW) are determinated. The tube represents then
either an infinite or a very small resistor value compared toF 5those of the above mentioned HV resistors. By means of a

l,.",,V variable grid supply which is controlled via an optical link the
internal impedance of the tube can be varied between these two
extremes.

4 J__- - - An additional feature of the new resistive divider is the
attractive possibility to achieve a maximum klystron output

_jvmý power of 1000 KW when operated at 77 KV only. This is to
be compared with 700 KW previously achievable. At the
77 KV operating point the RF system has demonstrated

.- O proven reliability during the last years of LEP operation.
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Overview and Status of RF Systems for the SSC LINAC

J. Mynk, J. Grippe, R. I. Cutler, and R. Rodriguez
Superconducting Super Collider Laboratory*
2550 Beckleymeade Ave., Dallas, TX 75237

Abstract Each amplifier is controlled and monitored by two single-card
processors (Figure 2). A VME-based processor controls and

The Superconducting Super Collider (SSC) Linear Accelerator monitors all amplifier power supply/modulator functions, and a
(Linac) produces a 600-MeV, 35-ps, H- beam at a 10-Hz repetition VXI-based processor controls all RF functions. The primary
rate. The beam is accelerated by a series of RF cavities. These purpose of the LLRF is to control the cavity fields in amplitude
consist of a Radio Frequency Quadrupole (RFQ), two bunchers, and and phase to 0.5% and 0.5' The LLRF and its stable RF reference
four Drift Tube Linac (DTL) tanks at 427.617 MHz, and two source have been previously described [2-4].
bunchers, nine side-coupled Linac modules, and an energy ( avity
compressor at 1282.851 MHz. The RFQ amplifier and the low- Reverse
frequency buncher cavity amplifiers use gridded tubes, while the Forward
other cavities use klystron amplifier systems. The RF control
system consists of a reference line and cavity feedback and PRF (supply& return)
feedforward loops for each amplifier. The RF amplifier system for 10Hz Airet
each of these accelerator cavities is described, and the current C aer circulator Load/cavity
status of each system is presented. _- sw ity

I. INTRODUCTION r E N
The operation of the SSC Injector Linac [I] requires a series of orv-

18 power amplifiers that can be defined in six groupings, or RF Itto
systems, as shown in Figure 1. The operating frequency is tripled Beam pulse
at the output of the 70-MeV Drift Tube Linac (DTL), from 427.617 waveform from
to 1282.851 MHz. This wide spread in operating frequencies, and current XFMR TIP-04429
the wide range of peak amplifier power requirements (50 kW to 20 Figure 2. Typical LINAC RF system.
MW), leads to the selection of a diversity of technologies in the
implementation of these amplifiers. A 400-W solid-state pre-
amplifier and two UHF grid-tubes, and a high-mu triode driving a 11. RFQ AMPLIFIER
super-power beam power tetrode, are used to provide a 600-kW The purpose of the RFQ amplifier [2-6] is to provide power to
power source for the 2.5-MeV RFQ Linac. The RFQ RF Amplifier, enable the RFQ to increase the energy in the beam from 35 keV to
and each of the other amplifiers, has its own independent Low- 2.5 MeV. The amplifier must provide a minimum of 225 kW at
Level RF (LLRF) processor, (Figure 2). There are two double-gap 427.617 MHz, at each of two input ports of the RFQ. The
buncher cavities in the RFQ/DTL input matching section. Each amplifier will operate inside a closed loop system that, when
buncher is driven by a 50-kW power source, consisting of a 250- combined with the low-level RF circuitry, will maintain the RF
watt solid-state linear pre-amplifier using RF power MOSFETs; a output to 0.5% and the RF phase to 0.50. The amplifier must meet
one-tube, 5-kW planar triode intermediate power amplifier stage; the requirements of Table 1.
and a two-tube. 50-kW planar triode final power amplifier stage.
The four Alvarez tanks in the DTL are driven by four high-gain, 4- Table 1
MW klystrons. Nine 20-MW, 1282.851-MHz klystron amplifiers RFQ RF Amplifier Specification Requirements
are used to power the Coupled-Cavity Linac (CCL), accelerating Operating Frequency 427.617 MHz
beams of H- ions from 70 MeV to 600 MeV. Bandwidth 300 kHz

System 1 System 2 System 3 System 4 System 5 System 6 Power Output 600 kW peak
Beam R"F RFQ/O TL CC L I Engy To Gain 77 dB nominal

IFLbuncherfi bunctrer ccL LEB ussource ItL: 2 L.2:,4 ILEB Pulse Length 100 microseconds
iream I :' Zi' i, mpf, Pulse Repetition Rate 0-10 H

e-plana Iklystrons I lktystron I kystrons IlklystronP
' 1, . I,,,L~ Pulse Droop I% maximum

60 kW....0I k 7kWkW 1 Linear Range 15% to 85% of peak power rating
1 t5kW tlkWW I10k

10 
1
428MHzi

14
M" 1284MHzII

2
0kW 1284 MHzt

428 MHz 11 11428 MHz 11284 izI I The RFQ amplifier was built in a joint venture with the Los

_ . .I_ 4 __ 4 i Alamos National Laboratory. It consists of a 400-W solid-state
Refemce I I / / I / amplifier, a triode-cavity intermediate amplifier, and a 600-kW
rf generator Tmaximum power output amplifier using a Burle 4616 tetrode tube.
Fiure g r ock dTIP-04428 Its design and test results are discussed in Reference [6].
Figure 1. Block diagram showing the six LINAC RE systems. The amplifier and associated control processors were

integrated into an RF system (Figure 2) in late 1992. The RF
system was finally integrated with the RFQ Linac [3] in Feb.-Mar.
1993. The SSC RFQ LINAC achieved its first 2.5-MeV beam
operation on April 9, 1993.

*Operated by Universities Research Association, Inc.. Th , ;- be- - by a

for the U.S. Department of Energy under Contract contractor of the u.s. Goernment undr Conrad
No. DE-AC35-89ER40486. No. OE.AC35-MR40496. A-,ringly. te U.S.

Govement rmeains a nonexdus.e, royaly-free
lcense to publish or reoduce the published forn of
this contributson, or allow others to do so, Wor
U.S. Govornment purposes.
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III. RFQ/DTL MATCHING SECTION The DTL modulators have passed all critical design reviews,

AMPLIFIER and fabrication and assembly are proceeding on schedule for
acceptance test and delivery in late July 1993.

Two buncher cavities are used for matching from the RFQ into The output waveguide assemblies consist of arc detectors,
the DTL. Since this operation is critical to the preservation of forward and reverse power detectors, a Y-junction
beam transverse emittance [1], an independently controlled RF circulator/isolator. waveguide switch and full power dummy load,
amplifier is used to power each buncher cavity. The open-loop and various bends and straight WRI800 waveguides. The high-
operational requirements for each amplifier are listed in Table 2. power circulator/isolator is being built for the SSC by Ferrite

Components, Inc. The first unit has completed factory tests,
Table 2 demonstrating isolation greater than 25 dB and insertion loss less

RFQ/DTL MS Amplifier Specification Requirements than 0.1 dB. All of the DTL waveguide components have been
Operating Frequency 427.617 MHz purchased for delivery in June-July 1993.
Bandwidth 10 MHz minimum Table 3
Power Output 50 kW peak DTL KI (TH2140) Cha
Pulse Length 100 t ystron. (aracteistics
Pulse Repetition Rate 0-10 Hz Frequency 427.6 MHz
Linear Range <0.5 dB from 10 kW to 42 kW Output Power Peak 4.0 MW

Output Power Average 5.0 kW
In October 1992, AccSys Technology, Inc., was contracted to Pulse Width (Max) 110 AIs

design and manufacture two amplifiers for the matching section. Duty Factor 0.1 25
Their design uses three stages of amplification. The first stage is a Beam Perveance 1.4 x 10-6
250-W amplifier using MOSFET technology and is operated class Efficiency 50%
ABI. The second stage is a 5-kW power amplifier using an EIMAC Gain 48 dB
YU-176 planar triode, running class AB2. The final stage has a Drive Power 60 W
pair of YU-176 triodes in a cluster-cavity arrangement, also Bandwidth (-I dB) 1.0 MHz
running class AB2. The amplifier has an embedded control unit for Cathode Voltage 125 kV
local test and fault location. However, when it is installed in a Cathode Current 64 A
LINAC RF system (Figure 2), control and monitoring of the VSWR (Max) 1.30:1
amplifier are assumed by the VME/VXI processors. Heater Voltage 25 V

The amplifiers are in the final phase of assembly and test. Heater Current 25 A
Delivery to the SSC Laboratory is scheduled for early June 1993. Cathode Loading 1.0 A/cm2

Theoretical Life 100 000 hIV. DTL RF AMPLIFIER
Table 4

Four DTL RF amplifiers [2] supply power to four Alvarez DTL Klyston Modulator Characteristics
accelerator tanks in the DTL I1]. The DTL amplifier klystrons.
power supply/modulators, and waveguide components are being Type PFN/Thyratron
obtained from industry after competitive bids. The DTL klystrons, Thyratron Tube ITT F-307
designated TH2140. were purchased from Thomson Tubes Peak Pulse Power 8MW
Electroniques. Four tubes have completed acceptance testing. The Klystron Peak Beam Voltage 125 kV
TH2140 has an integrally wound focusing magnet that is Klystron Peak Beam Current 64 A
comprised of three coils; gun, body, and collector solenoids. The HV Pulse Flat-Top Width (100%) 90 1ts
collector, the body, and the upper focusing coil are liquid cooled. HV Pulse Top Ripple <0.5% (p-p)
The tube assembly weighs 3300 lbs. The RF output is constructed HV Pulse Droop <1.0%
in WR 1800 waveguide. Key characteristics of the TH2140 are Klystron Voltage Rise Time <10.0 Is
listed in Table 3. An important feature of the design is a long-life Klystron Voltage Fall Time <20.0 pts
cathode (7]. Pulse Repetition Rate I to 10 Hz

The DTL klystron modulator (Table 4) was purchased from the Klystron Duty Cycle 0.00105 max
Balboa Division of Maxwell Laboratories, Inc.. after an intensive Recharge Time 95 ms
technical and cost competition. It is a line-type modulator with a Klystron Peak Beam Voltage Time Jitter 10 ns
20-section pulse forming network (PFN). The PFN is a 30.5-a, Klystron Peak Beam Voltage
20-section Rayleigh-type network with tunable inductors to Pulse-to-Pulse Amplitude Variations 0.2%
achieve the 0.5% voltage ripple requirement and to compensate
for pulse transformer droop.. The PFN is charged on-command by Approximate size (LxWxH) I I x 6 x 9 ft
two Maxwell CCDS-835 power supplies operating in parallel. The Weight 26 180 lb
CCDS-835 40-kHz series resonant switching power supply. It has
a constant current charge rate of 8 kJ/s and can regulate the V. CCL RF AMPLIFIER
network voltage to better than 0.1%. This design approach A 20-MW. 1282.8-MHz klystron amplifier [2] will be used to
minimizes the number of high-voltage components in the power power each of nine Coupled-Cavity LINAC (CCL) structures [1].
supply and eliminates the requirement for high-voltage charging The system design architecture (Figure 2) of the CCL RF
switch tubes and their associated circuits. amplifiers is practically identical to that of the DTL amplifiers.

Modulator parameters will be monitored through a remote The VME/VXI control processors run the same software for both
control interface by a VME-based processor. The remote controlmonitring amplifiers. This commonality is. of course, an important
interface will collect all the interlock/fault/ monitoring economical factor in the construction of the SSC LINAC.information from the individual modulator assemblies and route The CCL Klystron tube. designated the TH2143. is the product
them to the appropriate VME module in the processor crate. of an upgrade design program [7] conducted by Thomson Tubes
Protection from computer and/or operator error will be provided Electroniques. Improvements in the gun voltage standoff and the
by hardware circuits.
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RF output structure enable these klystrons to provide 20 MW of VI. SUMMARY STATUS
peak power (Table 5) at pulse widths of 100 As. Three tubes
completed qualification and acceptance testing by early April The design and production status of the LINAC RF amplifiers
1993. is summarized in Table 7. The RFQ and the DTURFQ matching

The CCL klystron modulator (Table 6) and the DTL klystron section amplifiers will be used in the SSC Central Facility at
modulator (Table 4) are similar in every way except that the CCL Waxahachie, Texas, to complete the initial beam commissioning
supplies four times the pulse energy at nearly twice the pulse of the accelerator structures up to the 25-MeV input to the first
voltage of the DTL modulator. The CCL uses five of the Maxwell DTL accelerator. Then the systems will be disassembled and
CCDS-835 high-voltage power supplies operating in parallel. transported to the LINAC building on the SSC injector site.

A tenth CCL klystron amplifier is used to power the two CCL The Transport Line Energy Compressor Amplifier requires a
input matching section buncher cavities. This amplifier operates a 100-kW power output at 1282.8 MHz. This amplifier will be
TH2143 klystron at a reduced beam voltage of 125 kV, supplying required on-site and operating in the first quarter of 1995 for the
a saturated peak output power of 2 MW. The output of the klystron final stages of the 600-MeV beam commissioning.
is split in a variable waveguide power divider and routed to the two Table 7
buncher cavities. One output goes directly to the first buncher Status of LINAC RF Amplifiers
cavity, and the other divider output is routed through a variable StatusofLINA__RFAmplifiers
waveguide phase shifter to the second buncher. Three tubes have UNIT STATUS
been tested at the reduced beam voltage and have demonstrated RFQ Amplifier Completed; in service.
linearity of control in the desired region of 1.2-MW power output. RFQ/DTL MS Amplifier Fabrication completed;
The flexibility of the CCL modulator and its command charge delivery in early June.
power supply allows this reduced pulse operation without
modification to the modulator. DTL Klystron Four Units delivered; two

spares in fabrication.
Table 5 DTL Modulator Design complete; in serial

CCL Klystron (TH2143) Characteristics fabrication.
Frequency 1282.8 MHz DTL Waveguide Assemblies Procurement cycle complete;
Output Power Peak 20 MW delivery in June-July 1993
Output Power Average 22 kW CCL Klystron Three units delivered; seven
Pulse Width (Max) 110 1.s units and two spares in serial
Duty Factor 0.11% fabrication-
Beam Perveance 2.3 x 10-6 CCL Modulator Design complete; in serial
Efficiency >40% fabrication.
Gain 50 dBDrive Power 200 W CCL Waveguide Assemblies In the procurement cycle.
Bandwidth (-I dB) 8 MHz Energy Compressor Klystron In the procurement cycle.
Cathode Voltage 230 kV Energy Compressor Modulator In the procurement cycle.
Cathode Current 238 A
VSWR (Max) 1.30:1 VII. REFERENCES
Heater Voltage 28 V
Heater Current 28 A [1] W. Funk, "The SSC Linac," Conference Proceedings of the
Cathode Loading 4 A/cm 2  1992 Linear Accelerator Conference, Vol. 1, pp. 8-12.
Theoretical Life 50 000 h

Table 6 [2] J. Grippe et al.. "The Superconducting Super Collider Linac
RF Systems," Conference Record of the 1992 TwentiethCCL Klystron Modulator CharacteristicsPoeMduarSmpsm.p.3-6

TypePFN/hyraronPower Modulator Symposium, pp. 53-56.
Type PFN/Thyratron

Thyratron Tube l'IT F-331 [3] R. Cutler et al., "*RF Commissioning of the Superconducting
Peak Pulse Power 46 MW Super Collider Radio Frequency Quadrupole Accelerator," this
Klystron Peak Beam Voltage 230 kV conference.
Klystron Peak Beam Current 200 A
HV Pulse Flat-Top Width (100%) 60 As [4] R. Cutler et al., "SSC Linac RFQ System," Conference
HV Pulse Top Ripple <0.5% (p-p) Proceedings of the 1992 Linear Accelerator Conference, Vol.
HV Pulse Droop <1.0% 1. pp. 380-382.
Klystron Voltage Rise Time <10.0 Ais
Klystron Voltage Fall Time <20.0 ts [5] J. Grippe et al., "Design and Results of the Radio Frequency
Pulse Repetition Rate I to 10 Hz Quadrupole RF System at the Superconducting Super Collider
Klystron Duty Cycle 0.00075 max Laboratory," this conference.
Recharge Time 95 ms
Klystron Peak Beam Voltage Time Jitter 10 ns [6) D. Rees et al., "Design and Test Results of a 600 kW Tetrode
Klystron Peak Beam Voltage Amplifier for the Superconducting Super Collider." this
Pulse-to-Pulse Amplitude Variations 0.2% conference.

Approximate Size (L x W x H) 12 x 6 × 10 ft [7] J. Terrien et. al.. "RF Sources for Recent Linear Accelerator
Weight 29 200 lb Projects," Conference Proceedings of the 1992 Linear

Accelerator Conference, Vol. 1, pp. 130-132.
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Possibilities and Limitations for a Fully-Digital RF Signal Synthesis and
Control

H. Meuth, A. Schnase, and H. Hailing
Forschungszentrum Jilich GmbH

Postfach 1913, D-52425 Jilich

Abstract moderate to high over-sampling is necessary, which essential-
Since the advent of VLSI circuits capable of data rates in ly curtails the maximum carrier frequencies and/or signal-to-

excess of 30 MWords/s, real time digital rf synthesis has be- noise ratios, the latter being directly related to the digital
come an interesting and viable avenue to be used with accele- value resolution (number of Bits).
rators. This technique builds up rf signals from a real-time
sequence of digital words with minimum use of analog com- 2. DEDICATED-FUNCTION COMPONENTS
ponents. With digital rf, hitherto not achieved agility, preci- The major DDS building blocks are numerically controlled
sion, and reproducibility for frequency and phase are now pos- osc mators DS muliplding (use re nmericarlynconters),sible. This permits optimum acceleration ramp functions, oscillators (NCO), multipliers (used for mixers or in filters),

sibl. Tis prmis otimu acelertio rap fuctinsand converters from the analog signal world to the digital
subject to any desired constraints in longitudinal phase space, and cnre from tal s altwrldto terdogial
as given phase or voltage or acceptance, or yet another bucket realm (ADC) and back (DAC). Characteristic performance
quantity. Since phase fidelity is crucial with accelerator appli- values of such devices, which are commercially available at
cations, a high degree of over-sampling is mandatory, posing this time, are shown in Fig. 1.
the only actual limitation to these new techniques. However, spurious (dB,)
with clock rates of more than I GHz, today's component tech- -40 -60 -80 -100 -120 9
nology limits the rf carrier to some ten to about 100 MHz, 9 . ..... . a . 10
depending on which signal-to-noise ratio is acceptable. This 10 -a--- NCO
range can further be extended by means of analog up-conver- . .\ --- - ADC 1(08 E
sion. A number of digital rf techniques have been developed - •- - DACZ
at the COoler SYnchrotron COSY, e.g. for rf acceleration and -10 \*
ultraslow extraction, and were made available also for the ac- -7
celeration with TSR, Heidelberg. Further possible applica- 07 .
tions are being explored. U * \ ....

6 6N

1. INTRODUCTION 106 10
4

Acceleration systems in synchrotrons commonly consist of 5
(current-biased) ferrite loaded cavities, controlled by a phase- § I I I 2 a 10
locked loop (PLL) type tuning control, a high power ampli- 8 12 16 20 24 28 32

fier, a low-level variable-frequency oscillator, and a beam- value resolution (bits)
phase to gap-voltage phase feedback, again of PLL type.[l] Fig. 1: Performance of present day digital rf VLSI circuits
The associated frequency signals, and also the control loop 2.1. Numerically controlled oscillators
signals are commonly generated and manipulated by analog
methods, mainly by mixer circuits, and by voltage controlled According to Fig.1, NCOs can generate frequencies, that
oscillators (VCO), to accommodate the large frequency swings typically are on the order of particle revolution frequencies (or
of up to a factor of ten. To overcome the inherent drawbacks their lower harmonics) in synchrotrons. Hybrid and up-con-
of VCOs, like their lack of absolute accuracy and stability version schemes with additional analog local oscillator fre-
limitations, specifically, their hystereses in output frequency, quency signals extend the range even more, or allow to further
digital synthesis methods are now being used more and more, reduce spurious content. NCO techniques are thus well suited
since very large system integration (VLSI) in circuits for this for generating frequency signals in synchrotrons, including
end have emerged on the market. While many of these syn- frequency generation for beam diagnostics. [2]
thesis methods had been thought of, and, at some instances, Inside an NCO, a clock continuously advances by the incre-
used since several years in hybrid circuits, only today's availa- ment A0 a polar phase vector on the unit circle, passing on
bility of the compact VLSI components make direct digital the corresponding projections as sin(Ot) and/or cos(ot) corn-
synthesis (DDS) practical for the large number of variable fre- puted via a cordic algorithm, or looked up from a table (LUT).
quency signal generation tasks common in synchrotrons. Thus, the (synthesized carrier) frequency f=w/2n follows from
However, unlike DDS with audio applications, where digital this increment A0, given in N-Bit resolution, and the clock
signal processors can be used, DDS in the rf range must em- frequency, f as

ploy dedicated function circuits. To preserve phase fidelity,

1253O-7803-1203-1/93503.0O0 ©1993 IEEE



f _ A__ f cess. This suggests the continuous optimization of the longi-

2ir (2 )N (1) tudinal phase space available for the beam particles during the
acceleration process. The direct digital synthesis of rf signals

Equation (1) suggests two possibilities for varying the fre- with high value precision has, thus, to face the issue of gene-
quency f: Either one varies the phase increment, or one varies rating a rapid digital ramp input on a corresponding level of
the clock frequency. The constant clock frequency is the usual value precision, and, as a consequence, of temporal resolution.
approach. Choosing the clock frequency to be an exact har-
monic will greatly reduce the LUT, and thus the NCO. It 3.1. Frequency Law

will improve signal to noise ratio to better than the "theoreti- Due to the velocity variation during acceleration in proton and
cal" 6.02dB/N. This shifts the task to the variable (program- heavy-ion synchrotrons, the rf frequency must be tuned along
mable) clock, for which we used, for our applications, again according to the temporal law for the particle momentum p(t),
the NCO principle. In any event, NCOs commonly outper- or synonymously, for the magnetic dipole fields.
form conventional rf generators in typical characteristics, as
accuracy, stability, tuning range/bandwidth, resolution, tuning f It(t) = f() = f) (2)
speed, and signal modulation capability. The reason for this
is, that the NCO frequency is derived from a high clock fre- 1 +

quency, whether fixed or varying. Phase noise stems essential-

ly from the clock oscillator, and is, moreover, reduced due to
the frequency down-division by the amount 20loglf/fc [dB]. The revolution frequency for particles at speed of light is

Switching speeds are characterized by electronic on-chip denoted by f_, their momentum by p(t), and their rest energy

delays, and not by a quality factor, as in analog oscillators. by Eo0 Especially the resolution needs for the frequency may

NCOs, together with the attached output DAC, are limited by be high, easily on the order of 24 to 32 Bit, while phase and

their real-time "computing" and conversion speed, resulting, amplitude may pose less demanding requirements. Note, that

for practical applications, in carrier synthesis of up to 500 with a required frequency resolution Af based on physics con-

MHz at signal-to-noise ratios (or spurious levels) of 42 dBc, siderations, the associated requirement for digital value resolu-

or better for lower clock (i.e. carrier) frequencies. On the tion, N Bits, follows the rule N +1 = log2 fc - log 2Af. With a

other hand, frequency resolution of a fraction of a Hertz is no resolution of N=20 or more Bits, a timing discretisation of

exception. Hybrid and up-conversion schemes with additional some hundred nano-seconds may become necessary, in order to

analog local oscillator frequency signals extend the range even retain the intended resolution at all times, as can be shown
more, or allow to further reduce spurious content. NCO tech- generally (Fig. 2).[5] For a dipole field variation of 1 T/s, for
niques are thus wel suited for generating frequency signals in protons and a frequency resolution of 10-6, the time step is
proton or heavy ion synchrotrons, including frequency genera- about I pis. Today's fast memory banks, that can provide one

tion for beam diagnostics.[2] 32-Bit data point in less than 100 nano-seconds for several
seconds guarantee a precise ramp input. Real-time ramp value

2.1. Modulation and demodulation schemes computation, based on rapid linear or quadratic inter- or extra-

As in the analog realm, digital rf signals can be amplitude, polation in between a sparser grid of ramp points relaxes the
frequenct andphalog realmodulate. Ts sigs done e aitheydiret time step resolution for these ramp points somewhat, Fig. 2,

frequency and phase modulated. This is done either by direct but poses problems due to the slope quantization of the then
modulation of the input values for frequency and phase, or by needed digital accumulation procedure.[5]

separate multiplication via a VLSI multiplier.[31 Amplitude

modulation, if not critical, may be done by suitable gain con- quadratic extrapolation 101
trol in the analog output stage. For correlated digital modula- 101 n=-i ex--rapolat-- on -- '1.-,."------
tion of frequency, phase and amplitude, again a multiplier .0 1 0_1 0 102

subsequent signal summing.[4] Again by means of digital lo- 1 --..-............................ ..-........ .-.......-. i•6',.05  0
multiplication, amplitude, frequency and phase demodulation 101 ............ ! '

is possible in quadrature, permitting, e.g., a full 41r phase 10-3 linear extrapolation

demodulation within only a few rf cycles.[3]. _n=2 104

3. RAMP-FUNCTION SYNTHESIS [5] 10 - - - -
10- - 101 Bo~

One attractive possibility with a completely digital synthe- a 10-A f _= 2 0-
0T.T 1 0

sis is the direct digital generation and input of RF acceleration constant extrapolation 106

ramping functions, without to resort to the analog realm, 106 n=1

These ramping functions for frequency, rf voltage amplitude 0.0 0.2 0.4 0.6 0.8 1.0
f_and (beam-to-rf) phase may be precisely computed beforehand, normalized frequency, -•

to take into account beam-dynamic evolution or constraints, Fig. 2: Frequency and time step resolution
as for instance, adiabatic cooling during the acceleration pro-
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3.2. Phase and amplitude law phase-corrected) and exactly frequency-tracking synthesis of
higher harmonics is no problem. Another interesting method

The ramp functions for phase O.s(t) and amplitude U0 (t) are may be employed, when operating a truly wide-band rf high
more involved, but may be computed generally for arbitrary power structure, as does the new accelerator CRYRING.19]
rf.[5] They depend on the wanted particle energy increment Instead of standard harmonic signal generation via a look-up
per turn, A(t) = Uo(t)sinos(t), and also possible constraints in table containing trigonometric information, an arbitrary-value
longitudinal phase space. One relevant constraint, especially look-up table permits the time-varying synthesis of saw-tooth
early into the acceleration, is the momentum acceptance 8(t) type signals, by which phase space may be maximized.
of the bucket, that at no time should exceed the transverse Finally, we have also embarked on the development of the
acceptance of the ring. Only two of these temporal dependen- digital signal synthesis for an ultraslow extraction system,
cies may freely be assumed; all others follow then directly where a beam coherent harmonic is to be superimposed with
from this choice. exactly tailored phase and/or amplitude noise, so as to modify

the momentum distribution of the particle beam.[10,4] One
4. BOARD-LEVEL DEVELOPMENTS [3,61 appealing aspect of this is, that the digital synthesis of noise

For various tasks, as frequency signal generation, real-time should permit a direct comparison with standard longitudinal

filtering, ramp function generation, modulation and demodula- particle simulations.

tion, real-time precision phase measurement and phase correc- 6. CONCLUSIONS
tion (0.10/ 2MHz/51as), programmable time varying clock sig-
nal generation (>100 MHz, 150 ps jitter), and the associated High-precision, fully digital rf frequency synthesis, phase
interfacing to accommodate these circuits within the VME/ control, and measurements for carriers up to tens of Megahertz
VXI standard, we have developed a number of DDS boards. have become feasible with the advent of modern VLSI circuits
All these boards may be combined in various configurations, of high clock-rate capability. Moreover, some features im-
to achieve a wide variety of synthesis, measurement, control possible with conventional methods may now be tackled with
and feedback functions. Table I shows some of the boards' these digital rf techniques. Due to their board modularisation,
key features. Our systems, in various functions, have proved systems can be configured flexibly, and should be suitable for
indispensable during acceptance and commissioning of the other accelerator applications as well. The limitations in
COSY rf acceleration station, and of the entire COSY ring. clock speed and/or value resolution (i.e. S/N) pose the only
In addition, one system was made available for, and by now, true limit for higher frequency applications, although these
was successfully used with acceleration experiments in TSR, limits are continually being pushed ahead with the availability
Heidelberg. Similar plans exist for CRYRING, Stockholm. of faster and faster circuits.

function fc [MHz] N.of Bits used for 7. REFERENCES
NCO1 25 16 I+Q frequ. synthesis
NCO2 90 12 I or Q frequ. synthesis [1] D. Boussard, CERN Accel. School '90.
NCO3 var. 16 1 or Q frequ. synthesis [21 D. Peterson and J. Marriner, PAC 1991, San Francisco;
DACI >100 12 signal synthesis T. Hayes and A. Zaltsman, ibid.
DAC2 >10 16 control loops 131 A. Schnase, H. Rongen, and H. Meuth, EPAC 1992,
ADC >25 12 measurement/control Berlin; A. Schnase, Ann. Rep. 1992, IKP, Forschungsz.
Multiplier >25 16x16 mixer, phase shifter Jilich, p. 201; A. Schnase, and H. Meuth, Ann. Rep.
A-demod >25 16x16 instant. ampl. demod. 1992, IKP, Forschungsz. Jiilich, p. 205.
Atdkrl 50 16+16 simple arithmetics 141 G. Heinrichs, F.-J. ELzkorn, H. Hailing, H. Meuth,
Adder2 90 12+ 12 amplitude modulation H. Rongen and S. Papureanu, Intl. Conf. on Accelerators
Var.Clock 1-1.6x]03 8 phase control system and Large Experimental Phys. Control Systems, 1993.
FIR-Filterl >25 16 24 taps phase control system [51 H. Meuth, RF Accel. Ramp. Functions for Digital Ramp
FIR-Filter2 >25 16 211 taps phase measurement Control, COSY-RF-Rep., Forschungsz. Jilich 1992.
(r,0)<->(x,y) >25 16 coord. transform. [6] A. Schnase, Doctoral Thesis, RWTH, Aachen, and IKP,
Converter 1 20 ramp funct. synthesis Forschungszentrum Jilich, 1993.

[71 C. Hamm, H. Meuth, and A. Schnase, Ann. Rep. 1991,
Table 1: Some DDS boards developed by COSY-RF IKP, Forschungsz. Jifiich.

181 J.M. Baillod, L. Magnani, G. Nassibian, F. Pedersen, W.
5. FURTHER DDS APPLICATIONS Weissflog, CERN/PS/BR 83-17; J.A. MacLachlan and

I.E. Griffin, IEEE PAC, San Francisco, 1991.
Other, more exotic applications are also studied, as the [9 E. Arihf sn, G. An, an Crancigha, N991i

phae-cffeatd scon ad Lirdharonc snthsi reuird 19] K. Abrahamsson, G. Andler, and C.B. Bigham, NIM inphase-correlated second and third-harmonic synthesis required Physics Research B3 1 (1988), p. 475.

for higher-harmonic drives to modify bucket properties, espc- 110] H. Meuth, G. Heinrichs, H. Hailing, and S. Papureanu,

cially, when passing transition or for other beam pulse shape rf-expo East Conference, Tampa, 1992.

gymnastics.[7,8] With several NCOs, the phase-rigid (or
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RF System Analyses for the SSC Collider Rings

J. D. Rogers, P. D. Coleman, G. Schaffer, J. D. Wallace, X. Q. Wang, Y. Zhao
Superconducting Super Collider Laboratory*
2550 Beckleymeade Ave., Dallas, TX 75237

Abstract advantages and disadvantages. Table 2 summarizes the
The Collider RF system is required to accelerate and performance of each system. The following sections

store a 70 mA DC proton beam from 2 TeV to 20 TeV. explain the table entries.
Various approaches have been studied as possible ways
to accomplish this task. These include systems based on II. TRANSIENT BEAM LOADING
five-cell normal conducting cavities, single-cell normal
conducting cavities, and single-cell superconducting Since an abort gap exists and there are spaces
cavities. This paper outlines the physics requirements between the batches, and also the ring is only partially
that the system must meet and presents comparisons of filled during the injection period, the beam passing
the expected performance of various systems. Transient through a cavity is nonuniform. This will cause a modu-
beam loading, injection error, power requirements, cou- lation of the cavity voltage in both amplitude and phase,
pled bunch mode instabilities, etc. are considered. known as transient beam loading effect.

The phase modulation is harmful because it may
1. INTRODUCTION cause the bunches to no longer be exactly equidistant

along the ring. The amplitude modulation of the cavity

The SSC (Superconducting Super Collider) consists voltage V is less important.

of two rings, both having a circumference of 87,120 m. For the simple case when the beam current is con-
Each ring has its own RF system, which accelerates and stant except at a gap of At, which is much less than the
stores a 70 mA proton beam from 2 TeV to 20 TeV. The cavity filling time, the approximate maximum phase
beam injected from the HEB (High Energy Booster) is excursion is: [4]
grouped into 8 batches. The total number of bunches is I R ;rf-
about 16000 per ring, and there are gaps between max = 2BAt
batches. where IB is average current at fundamental RF fre-

The main requirements for the RF system are two quency. When the gap is comparable with, or larger than
fold. The first is to raise the proton energy. This specifies the cavity filling time, it can be shown that the phase
the main data as follows: frequency 360 MHz, peak RF excursion Aomax can be estimated by the following for-
voltage 20 MV, accelerating voltage per turn 3.6MV, and mula:
0.12 MV to compensate the synchrotron radiation loss at
20 TeV. The second is to ensure the beam quality by Itan- B R --tOA)
removing instabilities and suppressing emittance AOPrnax { -V (-) Q (1 - e }
growth.

The unique characteristics of the Collider are a small where a = 0o/ 2QL and Ij is the beam current change in
revolution frequency (3.44 kHz), large number of question. The worst case occurs during injection when
bunches and relatively high beam intensity. Our main the ring is only partly filled. During storage the maxi-
concern pertinent to the beam quality are coupled bunch mum excursion occurs at the abort gap, for which
instabilities, transient beam loading and injection error. At=4.2 lis. The data arc shown in Table 2 for different
These will be discussed later. scenarios. The superconducting cavity has lower RIQ

To accomplish the above task, there are three and higher V compared to the normal copper cavity,
approaches being considered based on different cavities. implying more stored energy so it will cause less phase
These are five-cell normal conducting cavities, single excursion.
cell normal conducting cavities and superconducting
cavities 11,2,3 1. Table I shows their parameters. Table 1. Cavity parameters

This paper is intended to analyze the problem and Scenario NC-5 NC-I SC
make a comparison of different approaches with their

NgIb~er ofoafties 8 24 10

*Operated by the University Research Association Numbg" ot Cells 1
Inc., for the U.S. Department of Energy under per Cavity 5_1_1
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In order to minimize the phase error, it is necessary III. INJECTION ERROR
to compensate the transient beam loading by modifying
the generator current so that extra current is introduced A newly injected batch will cause transient beam
to the cavity with equal amplitude of the transient beam loading as noted above, and the injected batch may devi-
current but opposite phase. To realize this compensation, ate from the desired position. This injection error may be
one can make use of either fast feedback or longitudinal or transverse, or both. The transverse error
feedforward [5). The schematic of these loops are shown will result in betatron oscillation and has to be damped
in Fig. 1. Feedforward can in principle compensate com- by a transverse damper. The longitudinal error will result
pletely for the beam loading, but in practice, experimen- in synchrotron oscillation. Unlike electron machines, a
tal realities limit its effectiveness to -90% compensation proton ring has little natural synchrotron damping, thus a
of the transient.[61 Feed-forward may be implemented dedicated damping loop is necessary to avoid undesired
with a one turn delay which helps reduce the effective emittance growth. This can be done by a slow feedback
impedance presented to the beam at the revolution har- loop making use of the main klystron amplifier as a
monics. power source. The same scheme is applied to damp the

The effectiveness of fast feedback can be quantified low order coupled bunch instability. We address this
by the ratio of generator induced voltage to beam later.
induced voltage (V enlVbeam). The larger this ratio, the
more effective the ieedback in reducing the transients. IV. RF POWER REQUIREMENT
The minimum beam induced voltage achieved using fast
feedback is given by[71 Since the specified accelerating rate is 3.57 MeV per

R turn, and the synchrotron radiation loss is only
Vbeam= IN" (4ff) 0.123 MeV per turn, a peak cavity voltage of 20 MV is

adequate to meet the bunching requirements. Only 6.6
where N is the number of cavities, and t is the lx)p MV is needed during the injection period for a matched
delay, beam transfer.

Transient loading is most critical at injection when The generator power P9 must establish the above
the RF voltage is its lowest (6.6 MV). For a klystron gal- voltages, and compensate for the beam loading. In the
lery located on the surface, the expected loop delay is general case, where the cavity is detuned with an angle
1.4 j•s. With this delay, it is found that feedback would •z, Pg can be expressed as follows: [31
result in V e,/Vbam varying from 5 for a normal con- v2 (I +p)2 t- IBRs B2
ducting muiticell system, to 55 for the single cell super- P - {2tan,+ cos4l +
conducting approach.171 The data are shown in Table 2. 2 s L v(1+ •

In addition to the transient effect discussed above, I R, .4 2

another consequence of beam loading is its effect on the V + - )
RF control loops (tuning, phase and amplitude).[81 Usu-
ally, with low beam they are stable. When the beam cur- where Rs is the unloaded shunt impedance and 13 is the
rent is comparable with the generator current, the loops cavity coupling coefficient. For a superconducting cav-
may become strongly affected by the beam and coupled ity, where both R, and P3 tend to become very large, but
to cich other. This is a concern for the superconducting the load impedance RL=RI 13 remains finite, the above
cavity, since the generator current is mainly used to expression is still applicable. One can optimize the cou-
compensate for beam loading. pling (13 or RI) to minimize the power requirement. For

For an adequate stability margin, the beam current the normal conducting cavity, where the beam current is
should not be larger than the generator current. A ratio much smaller than the generator current, the major por-
Vgen/Vhcam larger than 5 is desirable. From Table 2, all tion of the power is required for establishing the cavity
de approaches meet this requirement. voltage. For a superconducting cavity, power is mainly

needed for compensating the beam loading. Table 2
gives the minimum power requirements.

I-AST FEEFDBIACK I DOP

AMPI ' ONRI. F ---- V. COUPLED BUNCH INSTABILITY

•In Coupled bunch instabilities (CBIs) are seen as a
serious potential problem for Collider operation. Due to
the large ring circumference, the beam's current spectrum
has lines every 3.4 kHz. This very dense spectrum will

IH - l RWAR interact with impedances in the ring, resulting in CBI
Ptt growth. The most dominant sources of impedance will be

the accelerating cavities' fundamental and higher order
modes (HOM).

11,AM The cavity's fundamrental mode (i.e. the accelerating
Fig. I Schematic of feedback and fcedforward mode) can drive low order CBIs. Duc to the small
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revolution frequency, the cavity bandwidth will typically Three different cavity approaches have been
overlap several revolution sidebands. If the cavity is investigated. As for the normal conducting systems; the
detuned, it will present different impedances to upper and single cell system requires more power, however, it has
lower sidebands, hence resulting in CBI growth. This better CBI performance and less transient beam loading
problem is helped, although not completely eliminated, problems. Superconducting single cells are predicted to
when using the higher Q superconducting cavities, be better than the other two approaches in power

Low order CBIs that fall within the accelerating requirements, transient beam loading, and in minimizing
system's bandwidth can be addressed using the system's CBI growth. However, complexity of the
klystrons and cavities. The fast RF feedback discussed superconducting system is of some concern. Technical
earlier is also helpful in suppressing low order CBIs. The layouts of the RF systems are discussed in reference [9].
feedback loop reduces the fundamental mode impedance
seen by the beam by a factor of G (the open loop gain) VII. ACKNOWLEDGEMENTS
and hence reduces growth.

Two approaches will be used to address the CBIs We would like to thank D. Boussard (CERN), P.
driven by HOMs. These cavity modes will be passively Morton (SLAC), and Tai-Sen Wang (LANL), who have
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400-GeV Fermilab main accelerator," IEEE Trans.
on Nuc.Sci., Vol. NS-22, No. 3, June 1975, p. 19 10

Table 2. Performance comparison [71 D.Coleman, SSCL Internal presentation, Jan. 1993.
[81 E Pederson, "Beam loading effects in the CERN PS

Scenario NC NC SC Booster," IEEE Trans. Nucl. Sci., Vol. NS-22, No. 3,
5-cell I-cell I-cell June 1975.

Number of [91 G.Schaffer et.al. "RF systems engineering for the

Cavity 8 24 10 SSC collider rings," this conference

Phase Excursion 46o
During Injection' 350 220

Phase Excursion 0
During Storage 2  7.6 5.10 0.80

Vgen/Vbcam3 5 8 55

RF Power
Required (MW) 1.65 2.0 0.43

CBI (HOM)
Growth Timc(sec) 7 19 34

Active Damnping
Voltage (kV) 7.5 3 1

I. i-stinated maximum, duc to transient beam loading
at injection w ithout feed-back.

2. With an a~or egap of-4.2 pas without feed-back.
3. With feedbaAk applied.

1258



PEP-II Prototype Klystron
W. R. Fowkes, G. Caryotakis, T. G. Lee, C. Pearson, and E. L. Wright

Stanford Linear Accelerator Center
Stanford University, Stanford CA 94306

Abstract

A 540-kW continuous-wave (cw) klystron operating at
476 MHz was developed for use as a power source for 7 -
testing PEP-II rf accelerating cavities and rf windows. It also
serves as a prototype for a 1.2 MW cw klystron presently
being developed as a potential rf source for asymmetric
colliding ring use. The design incorporates the concepts and itI
many of the parts used in the original 353 MHz PEP klystron
developed sixteen years ago. The superior computer
simulation codes available today result in improved ,

performance with the cavity frequencies, drift lengths, and
output circuit optimized for the higher frequency. The design-/
and operating results of this tube are described with iii
particular emphasis on the factors which affect efficiency
and stability.

I. INTRODUCTION

The initial goal was to develop a 500-kW cw klystron to A
operate at 476 MHz for use as a power source for testing rf
cavities destined for the PEP-II Asymmetric Storage Ring.
This tube is also considered as a prototype for a 1.2-MW
klystron currently being developed as a potential rf source
for PEP-II. It became apparent that the 500-kW cw PEP improved simulation codes, but this would have been at the
klystron operating at 353-MHz developed at SLAC sixteen expense of additional tube length.
years ago, might be used as a basis for scaling. Some quick
calculations showed that the same gun, beam tunnel III. DESIGN
diameter, and collector could be used in a klystron operating
at 476 MHz and at the same power level of 500 kW. The The design parameters for the klystron are given below.

cavity designs, drift tube lengths, and output circuit would DESIGN PARAMETERS
have to be changed to operate at the new frequency. Many of Operating Frequency (MHz) 476
the design concepts and some of the existing parts from the Output Power (kW cw) 540
original PEP klystron could also be used on the 476-MHz Beam Voltage (kV) 65
tube. It was determined that the development effort could be Beam Current (Amperes) 12.4
completed in approximately one year because of this Beam gtperveance ($pamp/volt 3 /2 ) 0.75
similarity between the two klystrons. Approximately 175 Efficiency 0.67
new part and assembly drawings were required. Saturation Gain (dB min.) 42

RF Drive Power (watts) < 30
II. COMPUTER CODE PREDICTIONS Number of Cavities (Incl. 2nd Harm.) 5

Normalized Drift Tube Radius, ya 0.67
Both the one-dimensional JPNDISK and two- Normalized Beam Radius,*b 0.43

dimensional CONDOR were used to compare the original Reduced Plasma Wavelength, Xq (meters) 4.05
353-MHz PEP design with its measured results. While the Output Waveguide WR 2100
two codes gave different results and the absolute values in Focusing Magnetic Field (gauss) 190 (2.4 x BBr)
efficiency cannot be relied upon completely, the relative RF Interaction Length (meters) 1.67
values are meaningful. Both codes predicted an optimized
476-MHz design efficiency about 8 percent higher than the The cathode is the dispenser type and the gun optics are
353-MHz tube. It was also apparent that the efficiency of the identical to that of the PEP I klystron which had an oxide
353-MHz PEP tube could have been higher using the now cathode operating at 353.2 MHz. The average loading is

98 mA/cm2 . The beam-tunnel diameter on both tubes is

Work supported by Department of Energy contract 7 cm. The cavity geometries were changed to accommodate

DE-AC03-76SF00515. the 35 percent higher operating frequency, but most could be
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machined from the same stainless steel spinnings used 70 1 , 48

on PEP I. The cavity diameters were unchanged from
PEP I; the resonant frequencies were determined by 60- 46
cavity length and gap spacing. Cavity three, operating at
the second harmonic, was an exception and had to be 50 - 44
completely redesigned. All five cavities are tunable, and
cavities one through four have diagnostic loops. The .* 40 Gain 42 .-
drift tube lengths were all changed for optimum
performance at 476 MHz as determined by computer w 40
codes.

INTERACTION SPACE PARAMETERS 20_38
Drift 0 20 40 60 80

Cavity Frequency RPQ Transit Angle Lengths S-3 RF Drive (watts) 73oA1o

No. (MHz) (ohms) Qext (radians) (360"xLAq) Figure 1

1 476.3 108 1000 0.95
35.4

2 477.5 103 1.14 behaved, and the usual tradeoff between focusing for
11.4 maximum power output and minimum body interception was

3 948.0 68 0.80 (@2xfo) not present. The first two cavities and the entire output
75.0 circuit were coated with titanium nitride as a precaution

4 483.8 106 00 1.00 against multipactor.
33.6 A saturation gain of 40 dB was achieved instead of the

5 476.4 102 70 1.00 design value of 42 dB, and the optimum focus magnetic field
was 234 Gauss instead of the design value of 190 Gauss.
Plots of efficiency and gain are plotted as a function of rf

The output coupling loop design that was used on PEP I drive in Figure 1.
did not provide enough coupling for the design external Q of
70. The diameter of the output coax center conductor that V. CHANGING THE EXTERNAL Q OF THE
forms the loop in the output cavity had to be tapered down OUTPUT CAVITY
from 3.34 cm to 1.91 cm in diameter. The coax-to-
waveguide ransition (56 0 to reduced height WR 2100) that The effective external Q was changed by placing a
houses the cylindrical alumina ceramic window was not capacitive post in a section of waveguide with a longitudinal
altered. The position of the abrupt step to full-height slot along its centerline on one broadwall so that the gap
waveguide remained the same, but the inductive matching impedance could be changed by controlling the height and
post was moved to provide a perfect match the waveguide to position of the post. The initial assumption was that the gap

the 56-ohm, 8.5-cm diameter coax exiting the output cavity, impedance should be increased by approximately the ratio
The changes resulted in improved bandwith compared with
the original PEP I output window assembly. Qext-desired 70

The final external Q achieved on the cold test model of ( = - - 1.23,
the output cavity after five machining iterations was 70, the Qext-actual 57

design value. The measured external Q, however, on the and the magnitude of the normalized capacitive susceptance
brazed version destined for the tube turned out to be 57. to accomplish this is given by
Unfortunately, no quick way of adjusting the coupling exists.
It was decided to assemble the tube and optimize the external B (.-I
Q artificially in the waveguide output as described later. - -0206

IV. OPERATING RESULTS YO a .0

The location of the capacitive post with respect to the output-

The klystron began testing in spring 1992. The design cavity detuned short is given by
power output of 500 kW was achieved at 66 kV instead of
the design value of 65 kV. The efficiency was slightly lower2 rr 2

than expected due in part to a lower than optimum external J i B +4 _ k]
Q for the output cavity as described above. The initial = + tani

measured efficiency was about 60 percent but was increased 4 [ o
to 61.6 percent by artificially raising the external Q of the
output cavity with an external matching element and some
minor tuning of three of the cavities. No instabilities, such as
multipactor, spurious frequencies, or sideband frequencies the detuned short position of
due to returning electrons were observed. The beam is well
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5_20 ________________ VI. FUTURE PLANS

510i A 1.2 MW klystron operating at the same frequency is
jointly being developed by SLAC and Varian Associates.

500 No P - This new tube must have a combination of wide bandwidth
, - and short group delay needed for powering high-current

00 accelerator systems requiring fast rf feedback stabilization.
CL 480 \aThe bandwidth and group delay of the 500 kW klystwn

described in this paper are not adequate. The first tube will
be built and tested at SLAC but the design will be a joint

460 I , ! , , , , I effort by both organizations. Testing of this tube is expected
-10 0 10 20 30 40 50 to start in the summer of 1994.

S Post Position Relative to Calculated Optimum (cm)
Figure 2 VII. ACKNOWLEDGMENT
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Y klystron manufacturing and testing groups who put their
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capacitive susceptances slightly larger and smaller than the
calculated value, but the calculated value was found to be
optimum for improving efficiency. The effect on efficiency
of the z position in the slotted waveguide is shown in
Figure 2.
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Low Cost Concepts to Reduce the Voltage Ripple
of the DC Power supply

Yao Cheng and Kou-Bin Liu
Synchrotron Radiation Research Center

No. I R&D Road VI, Hsinchu Scicnce-based Industrial Park, Hsinchu 30077, Taiwan R.O.C.

Abstract
If the gain of current feedback is low, the short term I1. Soft AC line

stability of magnet power supply will be affected by a soft
power line. Typically, the step-change and the imbalance of The AC line power provided by the monopoly, Taiwan
the three phase power line cause the most serious voltage power company, performs quite poor quality. Even in the
ripple. Usually, the voltage feedback with a coupling high-tech area of the Science-Based Industrial Park, where
transformer is considered to reduce the voltage ripple. SRRC tocatcs, many companies always complain about the
However, for the high current power supply. the space and soft line. Typically, we have the three phase imbalance about
cooling problem of the coupling transformer become 0.5-1.0% around the hours. The step-changes occurs from
inconvenient. In this paper, we suggest to use the toroidal hours to hours with a amplitude more than one percent. The
core with the compensation winding, working like a DCCT, impact of the higher value is unfortunately observed quite
as the coupling transformer. Then, a high speed detector of intensive[2J. This instability excites the current spectrum
the AC line level is developed. It restricts the voltage ripple from 20Hz to 360Hz. The 20Hz one has a broad band
passing to the coupling transformer. These methods have the structure which is raised by the passive low pass LC filter.
advantage of small size, low power consumption and low The time variation ripple from 60Hz to 360Hz depend on the
cost. imbalance as well as the higher harmonics from the line. The

fixed ripple from 60Hz to 360Hz has closed relation to the
I. Introduction character deviation of the SCR's and the input step-down

transformer of the power supply.
The beam life time of SRRC is expected to be more than ten Since the load paranicters don't change, the voltage loop
hoursill. The power supplies for the dipoles and the four on the firing is moved from AA'to BB'( fig. 1). If we set the
families of the quadrupole should perform 50 ppm stability voltage gain ( all band ) higher, the 20Hz ripple decreased,
to keep the beam stored. All of these power supplies are made but the 360Hz ripple increased. Hence, we insert a low pass
by the Canadian company INVERPOWER. They are SCR filter to drop the gain at 360Hz region. The DC gain of the
control type with the 12 pulse technology without the voltage loop is extended to 20 times higher. The 20Hz ripple
passbank current regulation ( figure I ). The main ripple is disappeared. but the ripple from 6011z to 360Hz still remains.
720Hz. This firing ripple passes a passive 20 Hz LC filter to The field penetrating into the vacuum chamber is
the load magnet. The magnets connected in series have a time reduced by the eddy current of the chamber, which has a
constant about one second. The 720Hz ripple in current is bandwidth around 20HL,2J. Therefore, wve don't worry about
less than one ppm. However, there is a broad spectrum of the the ripple higher than 60Hz in the range of lOppm, if they are
current ripple from 20Hz to 360Hz in the range of lInppm. stationary. The concern is on the impact of the line
The amplitudes are not fixed. It depends on the AC line. instability, which excites higher value of the oscillation.

r' -' C III. Active Filter

C.R 1 1 The idea to insert a transformer between the output

SC, V '• terminals and the load magnet is not new. Many companies
""I '-- < 7deliver their power supply with build-in active filter. In our

case, we have to live with the space we have, don't change the
., - I construction, if it is possible.

'2 "PII iRf ' We find a place right besides the DCCT. A strip wound
l ,IU itoroidal core with double windings is inserted side by side to

DCCT ( figure 2 ). One of the windings is driven by the
voltage feedback circuit. The other provides a constant

.... FigUre ITheblock diagram of theipowersupply, current determined by the internal micro-proccssor to
compensate the flux generated by the average DC output

0-7803-1203-1/93S03.00 0 1993 IEEE
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current. This arrangement allows the maximum feedback IV. AC level detector
voltage but minimum size of the toroidal core.

The maximum rating of the active filter mentioned in the
last section is limited by the cross section of the core and the

r j j .. amplifier. We have to restrict the voltage ripple passed to the
active filter. Therefore. a fast AC detector is developed to
pick up the signal of the line change. the imbalance and the
higher harmonics ( figure 3 ).

The detector is consists of three rms to DC converter.
r1 The detector output is

Figure 2: The active filter. Vout = k(A2+B2+C21 2 - kVAC

The cross section A of the toroidal core is decided by the A = VA{:sin(6ot)
following formula:

A=F v2V,, B =VAsin (It + 3 7

, 2ntf,1 B,

where V.. is the maximum rms voltage ripple of the C= V,. sin(t +•47 ... (4)

f, component to be removed and B is the saturation flux 3
man here A.B.C are the three phase line voltage and k is a

density of the core. The output voltage ripple of 60Hz ( main a

component ) is about 0.3Vrms. We need a cross section of 10 scaling constant. The accuracy of the detector is better than
0.1% with a carefully calibration. Comparing with the 12

cm 2 for the toroidal core with one Tesla saturation flux pules peak detector in our original design, it contains
density. Since the transformer can be treated as open at the unwanted 720Hz ripple to be filtered. We compare these two
load side, the feedback amplifier needs the output voltage detectors on the line with the integration over one line cycle
swing to eliminate the harmonics of 60Hz. The RMS detector has

the same behavior but is faster. Figure 4 shows the step
v, =2 NVp p ...(2) response of the power supply with and without the

feedforward.

All power supplies for the transport line and storage ringand the maximum output current is locate in the core area of the storage ring. They share the

tVc. common 1.5 MW step-down transformer. Hence. cnly one
- t V, .. (3) AC level detector is sufficient to distribute the AC

21t fmu4IAN information to those power supplies. To avoid the grounding
loop, the signal is transmitted by a voltage to frcquencv

where N is the winding number and I is the circumference of convete an is olated frequency to voltage
converter and received by isolated frequency to voltage

the core. converter.
In our application, we set N=20. Vcc= 15V and I = 0.3A.

The strip wound core is made of the material VITROPERM ' " . .

from the German company VAC with the strip thickness of , .
20pm. The response is flat to 300kHz. .

Figure 3: The AC level detector. (c) Current with FFW ( FS: 250A=IKV .
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V. AC Current Feedback

The detector of the three phase AC level mentioned in
the last section can be also applied on the AC input current.
For a constant current source, we have following power
relation

I'.R+pl.=(VAC+AVAC).(k-A~) 5

where pl.• is the power loss of the power supply. If we
neglect the high order term, the AC input current is
proportional to the AC voltage

IAC
AIAC=-AVAC ... (6)

VAC

This information of the AC current contains not only the AC
line input but also the characters of the step-down
transformer and the SCR's. The harmonics of output current
at 60Hz and 120Hz are reduced by the factor of ten.

VI. Conclusion

The DC power supply of the SCR control type without
the passbank current regulation is sensitive to the line
change. The sub-harmonics of the line is the most harmful
part of the ripple. If we compare the passbank current
regulation. There are economical ways to reduce the voltage
ripple. We developed the DCCT like active filter, which is
compact and easy to mount. The information of the three
phase AC line ( voltage and current ) is helpful to reject the
line variation. We use the fccdforward of the AC voltage to
suppress the transient excitation. On the other hand, we
reduce the harmonics with the feedback of the AC current.
Hence, the size of the active filter can be very small.

One AC level detector ( voltage ) is sufficient to serve
many power supplies in the group. In this case, it is also
economic to use DSP type of the AC level detector, which can
calculate the higher harmonic and compensate the phase shift
due to the firing angle respectively for each power supply.

VI. References
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121 SRRC Status Report, ( SRRC, April 1993).

1264



Magnet Power Supply System for the ALS Storage Ring and Booster*

L. Terry Jackson, Ken Luchini, and Ivan Lutz
Lawrence Berkeley Laboratory, University of California

1 Cyclotron Road, Berkeley, CA 94720 USA

Abstract and goes into full rectification for ramping up the current, and
The Magnet Power Supply System is described by then into almost full inversion for completion of the cycle and

specification, design, hardware, and operating experience. A returning the current to zero. This approach was chosen for
unique system for the one Hz, 1.5 GeV Booster, where the minimum cost knowing that the current would vary from pulse
wideband QF and QD power supplies track the dipole current to pulse as the line voltage varies, and this it does.
to within 0.1% at injection will be detailed. AC distribution The quadrupole (QF and QD families of magnets) supplies
system considerations related to inverting the stored energy of are closed-loop high-performance systems that track the dipole
the booster magnet back into power grid will be discussed. current and make it possible to have the large 1 MVA dipole-
The rational for linear correctors and individual quad supplies supply running without any closed loop operation. This
(225 total units) will be placed within the context of the approach has worked very satisfactorily both for tracking and
storage-ring requirements. perturbations of the dipole current The equipment from the

manufacturer, with some modifications, has proven eminently
I. LINAC TO BOOSTER MAGNET P.S. satisfactory for our operation. The crucial requirement on the

ramp operation is that the quadrupole supplies are tracking the
The power supplies for this transport line are EMI Power dipole current at injection, which is approximately 1/30 of the

Supplies for the dipole magnets, Kepco power supplies for the maximum energy (and 10 msecs from start of ramp), so they
quadrupole magnets and Techron power amplifiers for the must have wide bandwidth to be able to catch up and have the
vertical/horizontal corrector magnets. The attempt in this performance necessary at the time of injection. The sextupole
transport line system was to use commercially available and corrector supplies are small units and they also track the
equipment in totality. The EMI Power Supplies were bought dipole current as their reference.
with amplifiers added so that the input and output interface The dipole reference current signal (0 to 10 V) is
was zero to 10 V in both cases to allow interfacing with the distributed to the quadrupole, sextupole, and corrector circuits
Intelligent Local Controllers (ILC) used throughout the ALS through an interface circuit that allows correction to be made
system. The Kepco supplies were modified at LBL by adding to the basic booster current signal as a function of energy level
components to the interface plug located on the back of the for each power supply. There are two parts to this interface.
Kepco to make a high-gain close-loop current control system. One is the digital-multiplier circuit which allows each circuit
The utilization of the interface plug-in allowed use of the two to have its own level of reference as a percentage of the 0 to 10
amplifiers internally mounted in the Kepco to again provide V peak signal from the dipole transductor. The other element
input and output reference and feedback signals at 0 to 10 V. of the circuit is a summer which is controlled from a look-up
The Techron Supplies could not be internally modified to table in the ILC which gets timing information from energy
allow input and output interfacing at 0 to 10 V. An attempt markers generated by the timing system (approximately 5
was made to do this internally by changing the gain of the msecs repetition rate at injection). The small correction (0.1%)
amplifiers but internal wiring practices cause oscillations to necessary on the basic dipole signal is particularly important at
occur when the gains were raised on these amplifiers so the injection and extraction energies. Hysteresis effects are the
decision was made to fabricate an interface chassis, each to main sources of error between the dipole signal and the
interface to four of the Techrons on the LTB line. There is a required quadrupole signal at injection. Saturation effects
divider to lower the input reference from 10 volts to the 0.6 require small correction at extraction energy levels. All the
volts maximum required by the Techron and then an amplifier corrections for the supplies are done by the operators in the
to take the 0.6 V max. outputs current monitor signal up to the control room through the ILC system. The concept and
10 V required by the ILCs. The basic level of operation of this execution of this approach have worked out well and the
whole system was ± 0.1% of the maximum current, and with booster operation is today basically push-button operation
the components as described the system has proven to work using all the stored information on settings.
satisfactorily. A. Dipole Power Supply

II. BOOSTER POWER SUPPLY SYSTEM The supply is pulse rated for 1175 V, 800 A peak
operation with a triangular wave duty cycle at a 1 second

As was described in the 1989 paper[l] on the plans for this repetition rate. Initially the twelve pulse rectifier would not
system, the booster power-supply system operates at 1 Hz and operate without SCR failure during inversion. It was
therefore it was not necessary to use a resonant system (using a determined that the dv/dt transients during inversion were
White circuit for instance) as has been done on systems that severe enough to fire SCRs at the wrong time resulting in these
operate at higher frequencies (typically 10 Hz and above). The failures. A more substantial snubber circuit corrected this
supply for the ALS Booster Dipole string of magnets runs as problem and then satisfactory operation resulted.
an opin loop 12 pulse supply with a 0 or 10 V control signal By having the power supply come on to full output

voltage at the beginning of the rectification period the ripple at*This work was supported by the Director, Office of Energy injection is minimized. The inversion level is set at
Research. Office of Basic Energy Sciences, Materials Sciences
Division, of the U.S.DOE, under Contract No. DE-AC03-76SF00098. approximately three quarters of the full inversion to allow
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substantial phase margin during inversion. "Light" filtering IHI. BOOSTER TO STORAGE RING (BTS) P.S.
with a damped LC circuit (fo = 100 Hz) is used to allow a fast
step response at the start of rectification. The supplies needed for the booster to storage ring
B. Booster Quadrupole P.S. transport line are similar to those used in the LTB line except

that the dipole supplies are large enough that it was decided to
The quadrupole power supply is complicated by the high specify these supplies, and (as can be seen in table 1) the price

performance required to track the dipole current and the size of per kilowatt turned out to be very competitive with
the supply required. To get the required dynamic performance commercially available supplies.
to follow the ramp dipole current signal at injection and
beyond, a current loop is closed through a series transistor IV. STORAGE RING P.S. SYSTEM
bank composed of 24 Gentron MOSFETS rated 32A/400V
each (EFM049-M46). A second loop is closed on the In the storage ring there are four large supplies and 220
transistor-bank voltage through the 270 V, 460 A SCR small supplies. The large supplies are the gradient, QFA
controlled power supply. A further complication of this multi- quadrupole, and SF and SD sextupole supplies. These supplies
loop system is that the reference voltage to the loop monitoring all drive families of magnets that are distributed around the
the transistor voltage is varied as a function of magnet current storage ring in 12 sectors. The gradient power supply has the
(through a look-up table in the ILC). This was necessary so tightest specification at +/- 50 PPM maximum allowable
that at the beginning of each cycle the transistor voltage is at a variation in current. These are all DC steady state supplies that
high value that then allows the initial step required to the normally run at currents necessary for 1 1/2 GeV operation
magnet for L di/dt startup at the beginning of each cycle. Then with the capabilities of ramping slowly up to their rated
the transistor voltage reference decreases as the current rises so currents necessary for 1.9 GeV operation. The other
that starting from an initial voltage of 100 V across the quadrupoles in the storage ring lattice are called QF and QD
transistors, the voltage drops to 25 V by the end of quadrupoles and each of the magnets have separate power
rectification. So there are three loops in this system and the supplies. These 48 quadrupole supplies are part of a family of
operation of all three had to be carefully tailored to meet the supplies that were specified and purchased in total from
performance requirements. Inverpower. There are five different types of supplies within

An additional clamp circuit had to be added to the supply this family. The two quadrupole supplies already mentioned,
on the transistor voltage because of transients on that voltage vertical and horizontal corrector supplies that drive separate
at the top-of-ramp transition. This clamp limits the peak windings on a single iron frame magnet, and supplies for the
dissipation in the transistor bank and eliminated the early vertical/horizontal corrector windings mounted on the
problem that was encountered of random failures among the sextupole magnets. As can be seen from table 1, there is also a
24 parallel transistors. The concept and initial design of the skew quad supply in this family of five different types of
clamp circuit was provided by Henry Lancaster whose power supplies. These supplies range in power level from 7
assistance is gratefully acknowledged. kW to 900 W and all the correctors are bipolar supplies. All of

The bandwidth of the small signal transistor loop is set at these supplies are linear supplies with series pass banks of
10 kHz. At this bandwidth there is a substantial difficulty with parallel FET transistors as the controlling elements.
noise pick-up in the system and careful attention had to be paid Experience in building these supplies shows that linear
to lead dress and shielding throughout the system. As the supplies were cost competitive with switching supplies of in
bandwidth was increased, in the check-out process, the same size. The advantage of using the linears compared to
improvements were made as required and now the system is switchers for approximately the same cost is the elimination of
highly satisfactory and trouble free over the last year of possible second-order beam effects associated with switching
operation. The same mode of operation for the sextupoles and noise.
correctors is employed, utilizing Techron amplifiers with The gradient power supply is manufactured by PEI and is
satisfactory results. a 12 pulse steady-state rated supply. The required performance
C. Line Voltage Effects can be satisfactorily achieved with careful attention to low drift

front-end design, a wide-band voltage-loop, and a quality
With a rectifying-inverting system of this magnitude there firing circuit designed by the manufacturer. The 12 pulse

must be concern for the effect of pulsing on other equipment generation was specified to be achieved in this supply by using
operating from the 12 kV/480 V transformer that is supplying two identical octagon-primary rectifier transformers each
the dipole quadrupole power supplies. This includes the other feeding 6 pulse bridge rectifiers. This was specified because
pulsing supplies and low-level electronic equipment associated the booster twelve pulse dipole supply with delta/delta and
with the booster including the beam position monitor (BPM) delta/wye transformers did not provide the 12 pulse ripple that
which operates on low beam signal levels. The BPM system is was desired but rather a combination of 6 and 12 pulse ripple.
designed with sufficient buffering that the pulsing of the The 2 sextupole power supplies are also manufactured by PEI
booster dipole has not presented any problems. The booster and although they have a lower performance requirement use
pulsing system is fed from a 12 kV/480 V transformer on the the same hardware components except the water-cooled front-
pad at a 2 MVA level. This transformer is in turn fed from a end package required by the gradient supply.
20 MVA transformer at the Grizzly Peak substation which was The QFA power supply is manufactured by Inverpower
also used to provide power to Bevatron (a pulsed load which and utilizes the same hardware as their BTS power supplies
now has been shut down). with a higher performance front end. These supplies all came

into operation within a minimum of difficulty and have so far
proven to be quite reliable. The only reliability problem has
been with the phase information transformers produced by PEI
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of which three have failed at this point. The failure is felt to be units. Above the water-cooled shunt is the water-cooled heat
because of the very small wire that is utilized (#35 AWG) on sink for the FETs which also has thermal interlocks connected
the 480 V primaries, to it. The number of transistors varies greatly between the

various applications. The horizontal bipolar steering supplies
A. Small Power Supplies utilize only one FET on either side whereas the quadrupole QF

Because of the number of these small supplies (220) that supply has eight in parallel in the unipolar application.
needed to be produced, an integrated approach to all of them Inverpower used two different models of MOSFET, both
with the same package of mechanical and electrical features manufactured by International Rectifier, the 150A/100V
was desirable. This concept was achieved through common IRFK6H150, and the 150A/200V IRFK6H250 (the bipolar
specifications and has been carried out in an exemplary fashion supplies are quasi-complementary). In behind the water-cooled
by Inverpower in their design and construction. The only heat sink is the power transformer and in the rear is the
variation in the mechanical package is that the smaller supplies contactor and water-flow switch.
are in a 10 inch high chassis rather than the 12 inch chassis These power supplies have proven to be reliable in
needed for the large supplies. The low powered units are fed operation. The biggest operational problems have been related
from single phase 120 V power while the vertical corrector and to the water cooling circuits with flow switches failing and
quadrupole supplies are fed from three phase 208 V power. flow restrictors plugging. The operation of this supply family
All the chassis utilize quick-disconnect water fittings and has been very satisfactory and the performance of these
water-cooled heat sinks for the FET pass transistors. supplies with a 1 kHz unity gain-bandwidth and low-thermal
The supplies all have the same operational layout whether drift has been very adequate for all of the operations so far and
large or small. Immediately behind the front panel is a printed anticipated.
circuit board which extends across the whole chassis. This V.REFERENCES
board contains all controls, interlocks, and analog circuitry
necessary for the operation of any of the power supplies. [11 L.T. Jackson and I. C. Lutz, "Magnet Power Supplies for
Some of the components are not used on some of the smaller the Advanced Light Source", Proceedings of 1989 IEEE
supplies. Immediately in back of the master control board is tAC e l i S c Pc i of 1989 IEEE
the water-cooled shunt which is manufactured by Vishay-
Mann in England and has a 1 V max. output signal level for all

TABLE I - MAGNET POWER SUPPLIES

Lc. jy No E (V) LLAI ?(W P(kw) Mfr $/Cost +/__

LTB Dipl. 4 12 220 2.6 EMI-TCR 3100 1200 0.05
Quad 6 15 15 225 Kepco ATE 1600 7100 0.1
Sext 1 36 15 540 Kepco ATE 1800 3300 0.1

V Cor. 7 +/_ 40 6 240 Techron 7521 860 3600 0.1

H Cor. 7 +/ 40 6 240 Techron 7521 860 3600 0.1

Bstr. Dipl. 1 1175 800 940 PEI 57,000 61 N.A.

Quad. 2 245 460 113 Alpha Sci. 40,600 360 0.03
Sext. 8 +/_ 40 6 240 Techron 7521 860 3600 0.1

V Cor. 16 +/_40 6 240 Techron 7521 860 3600 0.1

H.Cor. 16 +/_40 6 240 Techron 7521 860 3600 0.1

BTS Dipl. 4 33 820 27 Inverpower 12,599 453 0.1

Quad. 11 40 130 5.2 Inverpower 5580 1073 0.05
V Cor. 9 +/ 40 6 240 Techron 7521 1186 5000 0.1

H.Cor. 9 +/_ 40 6 240 Techron 7521 1186 5000 0.1

SR Gradt 1 535 1000 535 PEI 79,400 148 0.005

QFA 1 400 550 220 Inverpower 53,000 241 0.01
Sxt F 1 215 400 86 PEI 33,700 392 0.1
Sxt D 1 215 400 86 PEI 33,700 392 0.1

QF 24 54 130 7 Inverpower 6480 926 0.01
QD 24 40 130 5.2 Inverpower 5580 1073 0.01

H Cor. 48 +/_ 12 40 480 Inverpower 2160 4500 0.01

V Cor. 48 +/ 13 120 1.6 Inverpower 4050 2531 0.01

H CorS 48 +/_45 20 900 Inverpower 3150 3500 0.01

V CorS 24 +/_45 20 900 Inverpower 3150 3500 0.01
Sk. Qd 4 +/_45 20 900 Inverpower 3150 3500 0.01
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Design and Development of a Bipolar Power Supply for APS
Storage Ring Correctors*

Y. G. Kang
Argonne National Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439

Abstract f. Ripple current: 0.14 A (peak-to-peak)

The Advanced Photon Source (APS) requires a number of g. Stability: +/-300ppm of I,..
h. Reproducibility: +/-600ppm of I0.

correction magnets [I ]. Basically, two different types of bipolar i. Tracking errord : +/-500ppm of L0, max

power supplies (BPS) will be used for all the correction mag- i. Reference resolution: 16-bit

nets. One requires dc correction only, and the other requires dc

and ac correction. For the storage ring horizontal/vertical (H//V) III. SYSTEM DESCRIPTION
correctors, the BPS should be able to supply dc and ac current.
This paper describes the design aspects and considerations for Figure 1 shows the simplified block diagram of a bipolar

a bipolar power supply for the APS storage ring H/V correctors. power supply. It consists of a power modulator (main power
section), four Euro-cards for the regulator, digital-to-analog
and analog-to-digital converters (DAC/ADC), converter and

I. INTRODUCTION magnet monitoring & interlocks, and a control power supply
board. This BPS is water-cooled. The power supply control unit

Basically, two different types of bipolar power supplies are (PSCU) contains the intelligence that interfaces directly to each
used for all the APS correction magnets. One requires dc power supply hardware for control, monitoring, and communi-
correction only, and the other requires dc and ac correction. For cating to the host computer. One PSCU can control as many as
the storage ring H/V correctors, the magnet current consists of eight BPSs.
a dc component and an ac component. Normally a power am- Bipolar Power Supply
plifier would be used for the BPS. Since the power amplifier BplrPwrSpl
type BPS uses the linear-mode power conversion which results Raw dc Power
in poor efficiency and large size, commercial BPSs are avail- (70V) Modulator
able for lower power levels. Therefore, it is desirable to design
such a BPS using the switch-mode power conversion. However,
due to the low pass filter effect of the vacuum chamber [2] used PC
in the storage ring, the amplitude of the ac component is sub- Regulator
stantially large, which makes designing a bipolar power supply
using the switched-mode conversion techniques difficult. This
paper deals with the design and development of a BPS using DAC/ADC
switch-mode power conversion for the APS storage ring H/V
correctors. A 150A BPS has been designed, prototyped, and Control
tested, and about 650 units are being manufactured. Computer

II. SPECIFICATIONS

The specifications for the BPS are given as follows: Raw dc Control

a. Input dc bus voltage: 70V +10%/-15% (1WV)

b. Maximum output current: 150A bipolar = Idc + I, Figurel: Simplified block diagram of the BPS.
"* Maximum ac component: 75A(peak) @ 25Hz Figure 2 s implified ciram of the B p o.
"* Correction frequency: 0 - 25Hz Figure 2 shows the simplified circuit of the main power
"* DC offset current: - I 50A - + I 50A section. The topology is a full-bridge converter, and the switch-

c. Horizontal corrector: ing frequency is 20 kHz synchronized with the main clock. The

Inductance: 6mH @ dc, 3.25mH @ 25Hz regulation is achieved by controlling the pulse width. Insulated

Resistance: 72mil @ dc, 137mil @ 25Hz gate bipolar transistors (IGBTs) are considered for the switch-

d. Vertical corrector: ing devices due to their high current and voltage handling

Inductance: 7.6mH @ dc, 6. 1mH @ 25Hz capability and easier drive requirement. Two water-cooled

Resistance: 1l8m(Q@ dc, 237mQ @ 25Hz IGBT modules, Powerex IGBT type CM300DY-12H (dual

e. Maximum output power: 5kW package), are used for the switches. L. and R. represent the in-
ductance and resistance of a correction magnet. For positive

*Work supported by theU.S. DepartmentofEnergy.OfficeofBasicEn- magnet current, switches QI and Q4 are closed. Only the upper
ergy Sciences under Contract No. W-31-109-ENG-38. switch, QI, is controlled according to the pulse width modula-
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tically coupled digital signals and differential shielded twisted
REGULATOR pairs for analog signal transmission [31.F IA 16-bit DAC is used for the reference signal generation.

DC BUS- The host computer provides a current value to the PSCU and
Vin -I sends out a pulse train to the DAC to set the converter's output

4 currenL This current is the average (bias) correction current,
MAGNET and the current setting is done with an open loop. The control

Ra i I I computer will sense the beam position using a number of beam
TIG r SH NT position m onitors (BPM s) and m anipulate the inform ation to

cretefnofheaumcabrStte•UNk 
contrIfrocompensate for the attenuation and phase delay due to the eddy

the host computer externally without passing through the PSCU
L _ L and modulates the correction magnet's current by directly send-

ing a pulse train in every 250pts to the DAC board for the dy-

Figure 2. Simplified circuit of the main power section. namic correction, which is done with a closed feedback loop.
tion (PWM) signal, while the bottom switch, Q4, remains
closed. When QI is opened, the magnet current decays through V. REGULATOR
the still-closed switch Q4 and diode D3. However, double gat- Figure 4 shows the simplified regulator circuit used to gen-
ing, which controls both QI and Q4 simultaneously, is required erate gating signals. The reference signal, V,, from a DAC is 0
for the negative di/dt. For negative current, switches Q2 and Q3 to +10V for the positive magnet current and 0 to -10V for the
and diode D4 are used in a similar fashion. In order to regulate negative current. A polarity signal, which determines a set of
the magnet current, the magnet current information is fed back switches to be controlled, is derived from the error voltage sig-
to an error amplifier input via a current measuring device and nal by using a comparator. A logic high signal, which selects
is compared with the reference voltage provided by a digital-to- switches QI and Q4, is obtained for a positive value. Similarly,
analog converter (DAC). A 2mG water-cooled shunt resistor is a logic low signal, which selects switches Q2 and Q3, is ob-
used for the current measuring device. The unregulated dc input tained for a negative value. The feedback signal, Vf, is provided
bus voltage, V. , is provided by a separate three-phase ac/dc from a current measuring device. The voltage developed across
rectifier. The input dc bus, Vi. , is determined by the following a 2mQ shunt resistor is amplified by an isolation amplifier to
expression: produce +10V (- 10V) for maximum positive (negative) cur-

rent. The output of the error amplifier, Ve, is compared with a
Vy. = I , [(o=Lm)2 + R.2112 sin (0t+0) + +I& R. IOV ramp signal, V,, at a comparator generating a pulse train.

where This PWM signal is combined with the polarity signal using an
Ipk= peak value of the ac current, AND gate to determine which switch, QI or Q2, is to be con-

0) = 2 xt f (f= 0 - 25 Hz). trolled. The maximum duty cycle could be 100%, including dc
offset current and ac current.

IV. CONTROL VF

Figure 3 shows the simplified block diagram of a control Vr COMP

scheme of correction magnet power supplies for the storage Gi

ring. The PSCU communicates to each power supply using op- Ca.O GEN

C O M P U T E R 
E L C O M P U TE R_ 

_ _ __+_

, CONTROL UNIT a I MAG. INTERLOCK -- 1, _. G4

cc ,IFigure 4. The simplified regulator circut.

____up - - V I. D A C/A D C5PurE s J 1 ,f, ,"S
,, , The reference signal for the regulator card is provided by

a 16-bit DAC, and the magnet current information (feedback
BIPOLAR POWER SUPPLY voltage) is converted to digital information by a 20-bit ADC to

be used for monitoring. The DAC's input values are set by an
- -. . . . .- - - - -in p u t c o u n te r , w h ic h h a s th r e e o p ti c a ll y c o u p le d in p u t s ig n a l s :

Figure 3. Simplified block diagram of a control scheme. one to reset it to zero for soft start, a second to increment it one
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bit at a Lime, and a third to decrement it one bit at a time. These lH2 2 V
input values are from the PSCU which also serially clocks out
the 16 most significant bits from the DAC. For dynamic correc-
tion, the DAC is loaded directly by the control computer in a
serial to parallel manner.

VII. MONITORING & INTERLOCKS

There are two Euro-cards provided in the BPS chassis for
monitoring and interlocks, one for the converter (BPS) and the
other for the magnet. The converter interlock card can monitor
and interlock five temperatures for two IGBT modules, an input
capacitor, return water, and control power supply heat sink us-
ing PN junctions as temperature sensors over the range of 0 to
100 -C and three voltage signals for the magnet current, input CHI lo ter per
bus, and control-power-supply failure. The magnet interlock
card monitors and interlocks four temperatures for the magnet Figure 5: Measured magnet current with its command signal.
and its return water. Top: Magnet current Bottom: Command signal.

Each of the signals is compared to a fixed reference and the (Tp ,=75Age , Idc = OA, f=25Hz)
output of the comparator is used to set a flip/flop that latches the 5A I Af H
interlock until reset by a local or external reset pulse. All of [rI l]
these analog signals are buffered and output to the PSCU for
monitoring. The analog signals for each interlock card are
ORed, and the ORed output signals are sent out to the regulator
card. The ORed output signals from the converter and magnet
interlock cards are combined by an AND gate to generate a shut
down signal. This causes the IGBT gate signals at the output of
the regulator to be clamped, in case any of the failure signals
activates.

VIII. CONTROL POWER SUPPLY
The control power supply card generates nine output volt-

ages for the control circuitry as well as the IGBT driver circuit-
ry. The topology used is a flyback converter with a feedback
winding, which is used for line regulation and bias supply for

the PWM IC, and the switching frequency is 80kHz. Nine linear Figure 6: Measured magnet current with its command signal.
regulators are used for the load regulation. The input is fed from Top: Magnet current Bottom: Command signal.
an output of the ac/dc unregulated rectifier, which also provides (I,=75Ap,, I& = +75A, f=25Hz)
the dc bus for the main power section.

REFERENCES
IX. TEST RESULTS [1] Y. G. Kang, "Correction Magnet Power Supplies for APS

A 150A BPS was prototyped and tested successfully. Fig- Machine," 1991 IEEE Particle Accelerator Conference
ure 5 shows a measured magnet current waveform with its com- Proceedings, pp. 911-913, 1991.
mand signal, which is 25Hz sinusoidal at 75A(peak). Also, Fig- [21 W. Praeg, "Frequency Response of Storage Ring Magnets,
ure 6 shows a measured magnet current waveform with its Eddy Current Shielding of Vacuum Chamber," ANL Light-
command signal, which is 25Hz sinusoidal at 75A(peak) plus Source Note LS-45, December 1985.
+75A dc current. Note that the magnet currents follow their [3] 0. D. Despe, C. Saunders, and D. G. McGhee, "Control
command signals. Units for APS Power Supplies," these proceedings.
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Circuit Description of Unipolar DC-to-DC Converters for APS Storage Ring Quadrupoles
and Sextupoles

D. G. McGhee
Argonne National Laboratory

9700 S. Cass Avenue
Argonne, IL 60439-4814

ABSTRACT
This paper describes the control, interlock, and power circuits .....
for 680 unipolar switch mode DC-to-DC converters used to
regulate the Advanced Photon Source's (APS's) storage ring
quadrupole and sextupole magnet currents. Quadrupole current
stability is dt6xut 5 and the sextupole current stability is f
3xa ea4 The stability is obtained with pulse widthages,
modulation, operating at a switching frequency of 20kHz with
full current switching. The conventers are housed in 200
cabinets located on top of the storage ring tunnel. Raw DC
power is distributed from 80 AC-to-DC power supplies, four
at each of 20 locations around the storage ring. Voltages,
currents, and temperatures are computer monitored and logged
for the converters and magnets. All converters and magnets are
water cooled with the flow and pressure monitored at the inlet
and outlet of groups. Water is interlocked with the raw power
supplies and not the individual converters.

I. INTRODUCTION
All 680 unipolar switch mode DC-to-DC converters have the Fig. One of the 200 storage ring converter cabinets.
same circuit design and components with the exception of the
current measuring device, the reference digital-to-analog
converter (DAC), and the input capacitance. The quadrupole
converters can operate at a DC output current of 0 to 460A and
the sextupole converters from 0 to 200A. The output bus has
a series damped low pass filter. There is also a 50i resistor
across the magnet bus to parallel damp the cable used to
connect a converter to the magnet. All converters are water
cooled.

A total of up to four unipolar (quadrupole/sextupole) Fig. 2 One of the 400 quadrupole DC-to-DC converters.

converters along with up to four bipolar correction magnet
converters are housed in a 5ft x 3ft x7ft cabinet. Each cabinet II. POWER CIRCUITals hosesa mcrorocsso ad itetacecars t moito ~ The unipolar converter's power circuit is a buck converteralso houses a microprocessor and interface cards to monitor and op rtn ito a i du iv l a ,o e of he s rge i gcontrol the converters and magnets. A cabinet with converter operating into an inductive load, one of the storage ring

contol he onvrtes ad mgnes. caine wih cnveterquadrupole or sextupole magnets. This circuit is shown in
chassis is shown in Fig. I. This cabinet is used to power one qua.rupole orgsext volmage thi r ui iow n in
magnet girder in the APS storage ring. There are 40 sectors Fig. 3. The charging voltage from the raw power supply was
with five magnet girders each (five converter cabinets) and one chosen to be 2 times the voltage drop of the magnet atinsertion device (ID) girder per sector. Each pair of sectors ha 110% of full design current with a - 10% low AC line. Two
fourraw(no regulace(D) powderper supplestor. fEeain of ston rs h DC voltages are being used to supply all unipolar DC-to-DCfour raw (not regulated) power supplies fe~eding the converters covres
in the two sectors. The raw power supplies for two sectors converters.
also provide raw control power for the converter cabinets,
ground protection, crowbar/shorting circuit for the DC-bus T sitcing
feeding the converter, and water flow interlock. switching time fa

switching frequency is

One of the 400 quadrupole DC-to-DC converters is shown in
Fig. 2 ____________

Fig._2 
The ubor,.ttesd manuscript has been autored
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Fig. 3 A single line diagram of the DC-to-DC converter

Il 20kHz. (1) III. CONTROL

T. Control is divided into two parts. The first part is a hardwired

In this circuit the switching frequency is maintained constant clamp of the DAC that comes from the raw power supply. It
at 20kHz and the switching element, insulated gate bipolar is applied when the main contactor in the raw power supply is
transistor's (IGBT) on time (t,) is modulated to regulate the open and is removed a fixed time after it closes. The second
magnet current. The IGBT's duty cycle is part, performed by a computer using bit bus or RS232

communications, raises and lowers the reference DAC and
T. resets the DC-to-DC converter and magnet interlocks. This

The raw DC power supply voltage is given as V, the magnet reset (system normal) is required bore the raw power supply

inductance as L, and the circuit resistance as R. The interlocks can be made up and the main contactor closed; it is

normalized inductor time constant is also hardwired.

L
R xT (3) Major components of the DC-to-DC converter's control

Minimum magnet current is circuits are:
Mnmmmgecurnis 1. An analog reference. Developed by an 18-bit DAC, it

4 ".--..1-D = (4) uses only the 16 most significant bits. This DAC is
R -(2tLJ] counted up or down I least significant bit at a time.

maximum magnet current is 2. A direct current current transformer (DDCTD is used for the
VxD[ (1- D quadrupoles and a folded Zaran water-cooled shunt is used

-luii) = +- _), (5) for the sextupoles. The DCCT has a bandwidth of 50R I\ 2 ,r, /kHz, a ratio error of 50 ppm that changes I ppm/PK and/or
and the peak-to-peak magnet current rpple is I ppm/month. Its linearity error is < 20 ppm and offset

AiL = Im.,) - Iw.J. (6) error is < 10 ppm. The Zaran shunt has a temperature

coefficient of resistance of ±3ppm/PK.
Magnet L(mua) 'L(min) Ai ± " 3. A high-gain, slow-current error amplifier. This amplifier

(D) with a 0.3 LV/*C max offset voltage drift, together with
I) the current tranductor, allows the regulator to operate in

0.8M 460.1250 460.0996 0.025340 2.754E-05 the storage ring environment without temperature
Quad(0.33) compensation (an oven).
0.6M 460.4848 460.4614 0.023452 2.549E-05 4. A real-time, applied-voltage ramp circuit. Since the
Quad(0.39) 460.4159 460.3894 0.026449 current's rate of change is slow compared to the 20kHz
0.5M 460.4159 460.3894 0.026449 2.875E-05 switching frequency, the ramp generator (integrator) is
Quad(0.34) _reset by the voltage across the freewheeling diode during
Sextupole 200.8274 200.8135 0.013921 1.513E-05 the non-conducting period of the IGBT.
(0.49) 5. A very high gain comparator.

Table i. Magnet tipple current operating at rated current. 6. An IGBT gate driver circuit.

7. Switchmode control power supplies operating at
-100kHz. Since the total control power needed is
<<150W (the upper limit for flyback configuration), and
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the varied voltage outputs require transformer isolation, a All of the APS storage ring power supplies will be test run in
switchmode flyback topology was selected. a temperature-controlled room with the temperature varing

between 20*C and 50*C, even though the ambient temperature
VI. INTERLOCKS and MONITORING in the permanent location will be 240 C ± 1.50 C. A test run of

There are three groups of interlocks: the raw DC power the temperature-controlled room is shown in Fig. 5.

supply, the DC-to-DC converter, and the magnet interlocks.
They are all hardwimd. The dc-to-dc converter has eight binary 55 O - - n Ter :ierate
interlocks and two magnet interlocks. The magnet's binary 50 -, - -h-/

interlocks are two chains of temperature switches per magnet. 45
The ten binary interlocks per DC-to-DC converter/magnet are
ANDed into a single hardwired system normal and connected to 40- \
the raw power supply. Anyone can shut off the raw power 35 --

supply by opening the main contactor and clamping the DC-
to-DC converter's reference DAC. When the raw power 30--
supply's main contactor is open, the output bus has a shorting 25 -

(crowbar) switch across it. The raw power supply also has 2 0 - -i •
common interlocks for the DC-to-DC converters and magnets. O' C co I - U) D tV r'-
These consist of magnet and power supply waterflow and .. k.. .. .R . . .. .
ground circuit overcurrent. T 0=- -= CV= =-

Monitoring is accomplished by power supply control units Fig. 5 Room temperature during a 5-hour test run.

(PSCUs). Each DC-to-DC converter is monitored by a PSCU
combining ten binary interlocks to eight, selecting four of the The testing plan is to cycle each DC-to-DC converter tofive analog temperature signals and the precision analog-to- maximum and back to mimimum to verify proper operation.

digital converter (ADC), and logging the data. Also, the All converters are set to maximum design value and the

PSCU used to monitor and control the raw power supplies in temperature is raised to 500C. It will be held at 500 C for one
two sectors monitors water flow and pressure for both magnets hour, then lowered back to 200C and held there for one hour.
and power supplies. The temperature is then cycled back to 50 0C and held. The

output currents of the DC-to-DC converters are randomly

V. TEST SET UP AND RESULTS varied until we have run a minimum of eight hours. The unit
Four unipolar DC-to-DC converters were installed in a data will be checked and, if acceptable, the converters will be
converter cabinet with the outputs connected to magnets or installed. Failed converters will be repaired and retested.
dummy loads. A local computer connected to the PSCU
controlled and logged the following 8-hour test run during V. REFERENCES
preparation for large scale testing of converters. The test I. D. McGhee, "Status of Magnet Power Supply
results of one of the quadrupole converter's output current Development for the APS Storage Ring," 1989 IEEE
transductor during this 8-hour run is shown in Fig. 4. Particle Accelerator Conference Proceedings, March 1989.

2. Rudolf P. Sevems, and Gordon E. Bloom, "Modern DC-
to-DC Switchmode Power Converter Circuits," Van
Nostrand Reinhold Company, 1985.

500 Magnet Current300.722

400 300.717

3001 -300.712

20 -300.707
200 ,,300.702

100 300.697

0 , " I 1 -300.692
Arnp 1" O4 IV , La CIO Pn N V CYM I, LO CV) V- a• ND vI 6• m w", N• vO 6 ao r
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Fig. 4 The internal and external transductor signal for the full-current part of an 8 hour test run.
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PLL Subsystem for NSLS Booster Ring Power Supplies*
J. Murray

Electrical Engineering Department, SUNY at Stony Brook,
Stony Brook, NY 11794-2350, USA

R. Olsen, J. Dabrowski
National Synchrotron Light Source, Brookhaven National Lab

Upton, NY 11973, USA

Abstract II. PLL HARDWARE
A high-performance digital phase-lock loop subsystem

has been designed as part of the upgrade to the magnet A. Overall System
power supplies in the booster ring at the National Syn- A block diagram of the overall PLL subsystem is shown
chrotron Light Source. The PLL subsystem uses a dedi- in figure 1. The core of the system is the block labeled
cated floating-point digital signal processor to implement "Fast Loop"; in normal operation, this provides the re-
the required filters and the startup, fault-handling, and quired phase-reference signal. The slow loop's function is
running logic. The subsystem consists of two loops; the to provide a relatively constant reference for short-time
first loop tracks long-term changes in the line frequency, variations in the line and the fast loop; this is used mainly
while the second tracks more rapid variations. To achieve for diagnostic and measurement purposes. A secondary
the required performance, the order of the loop transfer purpose is to provide a reference to which the fast loop
functions was taken to be five, in contrast to the second- can switch when the line fails.
or third-order loops usually used. The use of such high- It was decided, rather than attempting to provide mul-
order loops required design techniques different from those tiple samples per cycle of the line phase, which would be
normally used for PLL filter design. The hardware and sensitive to the purity of the line voltage, to use only a
software elements of the subsystem are described, and the measurement of the length of each cycle. Since this is sen-
design methodology used for the filters is presented. Per- sitive to noise in the zero-crossing region, the prefilter is
formance is described and compared to theoretical predic- used to provide a clean 60 Hz squarewave as input to the
tions. loops.

I. INTRODUCTION

Output voltage control of high-current power supplies
is usually based on the firing of thyristors at the appropri- R---] -
ate phase-angle of the rectified A.C. line voltage. For this me L
reason, accurate control requires a phase-reference which
is accurately synchronized to the line over its range of fre-
quency variation (±0.1 Hz); this is typically provided by Figure 1: PLL Subsystem Block Diagram
a phase-locked loop (PLL) driven by the A.C. line. As
the accuracy requirements of power supplies become more B. Fast Loop
stringent, the performance demands on the PLL increase The fast loop follows the usual PLL configuration; a
correspondingly. block diagram is shown in figure 2. The digital VCO is

To address this need, a high-accuracy digital PLI, has essentiall an overflow adder driven by a 23.592960 MHzbeen designed a~s part of thle upgrade to the NSLS booster esnily aovrowderrinbya2.590Mz
beenmdesigne d p r sppl. ofthe upgradesign i the di- boost crystal-controlled clock, and configured so that the output
magnet power supplies. The design is based on the dig- frequency is linearly proportional to the 20-bit input value,
ital PLL previously used in this application [1]; in ad- with an output frequency of 5.898240 MHz at midrange
dition, to achieve the required performance, it was de- input, and a maximum frequency deviation of ± 737.28
cided to use a relatively inexpensive floating-point digi- kHz at inputs of 1 and 22 - 1. The frequency divider
tal signal-processing (DSP) chip, the Texas Instruments divides by 98,304 to gi', a center output frequency of 60
TMS320C31, to implement the required filters. Hz, and a deviation of ± 7.5 Hz. The phase comparator

Since the design of DSP-based filters for PLL use is consists of a 20-bit counter clocked at 10 MHz; this gives
substantially different from that of analog filters, and the aonsion of a 02 dereds.
use of a signal-processing chip promotes a different design a resolution of .002 degrees.
approach, the main emphasis in the following will be on C. Slow Loop
the design of these filters. The slow loop is similar to the fast loop except for

*Work performed under the auspices of the U.S. Department of the following: 1) the VCO is a voltage-controlled crystal
Energy under contract DE-ACO2-76CH00016 oscillator, with the control voltage set by the output of a
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., Filer be taken to ben,= z-,d =t Z -z1)2, u, = 2- z-,
Copo and vt = 1.

prrFz) In a similar way, the functions upt and vpt in equa-
tion 3.14 in [31 can be taken to be (2 - z-')/K and 1,
respectively, and the functions in equation 3.28 in [3] can

Frequency ] Digital be taken to be na = 1, da = 1 - z- , Ua = 1, and va = 0.
It then follows from the theory presented in [3] that,Divider Vfor all stable functions e(z), the filter

Figure 2: Fast Loop Block Diagram F(z) = 1 -(Z)dad, + dpt'pupt + up
K'd (z)donp - nTpuppt + Vp

16-bit D/A converter; 2) since this gives a very low fre-
quency range, the frequency divider is also made variable I -Ke(z)(l - z1)2 + 3- 3z-1 + z-2
to increase the range. This arrangement was chosen to 1= Kd Ke(z)z-(l z-') + (1 Z-z1 )2  (1)
achieve extremely fine resolution for VCO, since the time-constant for the slow loop is of the order of hours. will give a stable closed-loop system which will track a

ramp input, and that all such filters are of this form. Fur-

I11. PLL FILTER DESIGN ther, the gain from the input to the sampled output is
given by

A. Loop Requirements H(z) = -e(z)dadpnp+dpVpuptnp p+upnp (2)
The main requirements were for acceptable acquisition

time (not more than a few seconds), asymptotic tracking - 1 (1 z-)2(1 - z 1 + Ke(z)z-) (3)
error of better than .02 degree across the frequency range which is linear (more accurately, affine) in Ke(z). The
59.9-60.1 Hz, and good rejection of noise, harmonic distor- arbitrary stable function Ke(z) can therefore be taken as
tion (120 Hz up), and disturbances induced by the power a free parameter to optimize the other requirements. In
supply ramping itself (25 Hz down). this case, e(z) was taken to be a general second-order stable

Since a DSP chip is being used, low order is not a transfer function, and the coefficients were chosen to give a
requirement. This makes the "coprime fractional repre- low-pass characteristic with good rejection at 2 Hz, which
sentation" approach to feedback design [2] very attractive; is the ramp frequency of the final system [4]. The filter
the version used here is taken front [3]. transfer function for this weighting factor was found by

B. Fast Loop substituting this Ke(z) in equation 1; the result was

Since the phase difference is sanmpled at the end of 3- 3z- + z-2

each cycle, and gives the average phase difference over that F(z) = 0.92262464 1 - Z-
cycle, the transfer function of the VCO and frequency di- 1.022612 - z- 1

vider, as seen by the filter, can be modeled as X 1 +.29733659z-

Kz- 1 + Z-
11:) = I - -1 - .31896065z- + .072725713z-"

where K is a hardware-dependent gain. The phase- which was implemented in cascade form.
comparator is simply a difference operator followed by a C. Slow Loop
gain Ad. . LoThe problem then becomes: find a filter F(z) which The procedure for the slow loop was identical exceptsTabilies thiloophen asy ompt icallynt s a fera whint for the loop constants and the weighting factor; the latterstab ilizes th is loo p , as y m p to tically tracks a ram p in p ut, a h s n s h t h - B p i t o h L r q e cand ejets ois an (hstlrbaces rrckig o a amp was chosen so that the 3-dB point of the PLL frequencyand rejects noise and disturbances. Tracking of a ramp w

input is required since a step change in frequency is a ramp response was about 6 x 10' Hz. corresponding to about
iii phase, and asymptotically zero phase error is d( sired 4.6 hours response time.

over the frequency range. D. Prefilter
Following the method in [3], P(z) is first expressed as

a quotient np/dp; in this case r = I\- and dp = !-fI The problem with the prefilter was to design a band-

are natural choices. The pair of functions u. = I/K and p
1, = I is then chosen as a solution for the equation (2.15 small region in the middle of the band. This was achieved= Iith by first satisfying the condition at 0 Hz in the analog do-

in(3]) UP, + m'dp =main, using a frequency transformation to transform to
a bandpass filter, and a bilinear transform to transform

Next, since the Z-transform of a ramp is to the Z-domain. More specifically, since phase and am-
Z-1/(l - Z-1)2, the functions in equation 3.2 in [3] can plitude matching was required at, DC, and a second-order
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rolloff at was desired at high frequency, the transfer func-
tion of the prototype filter had to take the value I to the1
second order at zero (assuming unity gaini), and hiad to
have a second-order zero at. infinity. This led to the form)4

- ais + ao 4

- S3 + a.2S2 + a15 + ao a 4----- - -

and thle values ao, a,~, and a.) were determiined by itera-
tuon. After the lowpass-to-handpass and bilinear tratisfor-
miat ;ons, the following sixthl-order filter was obtained (111

cascadle form): .. ~ ......- - - -

6.9980052 - 1:1.976087z - + 6.9880187z 2
.. . ... . .

11(I - 1.99658:36z' + 0.99800:12

I( Z- 1. 8 67 z + 0990 8 6 Figure 4: Prefilter Phase Response

I - .966052-' 0.900164zThe prefilter was Imiplemiented onl the Texas Instru-
mernts TMS320C3O E'VNI board, and was tested with a

IV. PEIRFORM IANCU: function generator as input. Within the limits of measure-
nient error, it functioned as predicted.

A. Predicted I'erforioance The remainder of the PIA, system was implemented
The calculated amplitude response for the fast, 1001) is onl a VME-bus syst-'1m, controlled by a VME-based

plotted in figure 3; its 3-dB frequency is .6 lIz. By design, TMS320C30 hoard; the algorithm included all initializa-
t~he filter is stable, and has zero asymptotic tracking error tion, status, error condition handling, and thle loop fil-
for a ramp input,. t~ers. The measured steady-stat~e ramp tracking error was

0 across the frequency band (within the resolution of tile
_____________________________ phase detector) when thle input was taken from a bench

1.4 funct ion generator.
Because of the long tinie-constant, precise mecasure-

ments of the slow loop were not, possible; however, it func-
....... t ionedl as expectedl, and had anl extremely long response

time. The lock-in performanice of the fast loop is so good
that the slow loop will ibe necess ary only for mteasuretinent

and diagnostics.

I . .VI. REFERENCES
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were implemented separately

1276



CONTROL AND PERFORMANCE OF THE AGS
AND

AGS BOOSTER MAIN MAGNET POWER SUPPLIES*

R.K. Reece, R. Casella, B. Culwick, J. Geller, I. Marneris, J. Sandberg, A. Soukas, S.Y. Zhang
AGS Department, Brookhaven National Laboratory

Upton, NY 11973

SUMMARY in use for any portion of a given magnet cycle, a specific

power module is automatically bypassed by triggered SCR
Techniques for precision control of the main magnet switches.

power supplies for the AGS and AGS Booster synchrotron will This power supply system is connected directly to the
be discussed. Both synchrotrons are designed to operate in a local utility line without buffering. Of concern therefore, are
Pulse-to-Pulse Modulation (PPM) environment with a the induced harmonics on the utility power grid due to the
Supercycle Generator defining and distributing global timing cycling of this supply. In order to be protected from damage
events for the AGS Facility. Details of modelling, real-time to their system due to these "disallowed" harmonics, a circuit
feedback and feedforward systems, generation and distribution breaker has been installed on the 69 kV line feeding the
of real time field data, operational parameters and an overview Booster. The utility can disconnect the BMMPS from the line
of performance for both machines are included, if the power content of any of these restricted harmonics

exceeds the allowed limit as determined by the pulsed power
FACILITY OVERVIEW monitoring relay, which performs repetitive Fourier transform

calculations. An FFT analysis of the power waveforms is
The AGS Booster synchrotron is an intermediate acceler- done prior to operating with a specific set of magnet functions.

ator between the 200 MeV Linac and the AGS and operates in The AGS Main Magnet Power Supply (AMMPS) is

two modes. This machine is 'A the radius of the AGS and its buffered from the utility through a motor generator set
primary function is that of the source of protons for the AGS. (Siemens) that has been in operation for many years. During
The alternate mode is to accelerate partially stripped heavy a recent upgrade, the rectifier system, triggering circuits,
ions to be fully stripped after extraction toward the AGS. The feedback loops and the monitoring and controls systems have
high vacuum nature of the Booster (10-1 1 Toff) permits very been replaced. A large number of the relay control functions
efficient injection and acceleration of these partially stripped are accomplished by PLCs. The new rectifiers are comprised
ions to an energy sufficient to allow them to be fully stripped of eight total modules, four for flattop (F) and four for pulsing
in the transfer line between the Booster and the AGS. (P). The F and P modules are operated in parallel as opposed

to the Booster series connection. The triggering and control

POWER SUPPLIES loops are identical to the Booster. The cycles are
programmed, as in the Booster, by a set of vector function

The AGS Booster Main Magnet Power Supply (BMMPS) generators.

has been well documented in earlier publications [1,21. In i In further discussion, techniques described are applicable

description, the performance of the system will be limited to to both power supplies.

that necessary for a proton physics program. For this mode, CORRECTION LOOPS AND
the BMMPS operates in a rapid cycling mode (5-7.5 Hz) with
a current range of 410A to 2500A and back in the repetition AUTO-CALIBRATION SYSTEM
period. The power supply consists of six independent rectifier
modules that operate in series. Depending upon the nature of There are a number of correction loops that are utilized
the B(t) cycle defined, any one to all six of these modules can to provide the necessary tracking of the field with respect to
be used to power the series connected ring dipole and the reference functions, and to preserve the regulation of
quadrupole magnets. cycles. The loops are of two types, real-time feedback and

Although there are two special case modules for high real-time feedforward. Also, field triggers derived from a
current operation (6000A), the fast cycle operational limits of Gauss Clock (GC) and a self-correction field loop provide
the power supply are IOOOV per module at 3000A. When not enhanced operation. Each module (Booster = 6; AGS = 8)

has a voltage feedback loop for voltage regulation and short
term magnet current reproducibility due to disturbances from

*Work performed under the auspices of the U.S. Dept. of the AC input lines. To compensate for medium to long term
Energy. current drift two systems are used; one being a real-time
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current feedback loop and the other a long term feedforward TIMING
correction. The analog current loop can only play a minor
role due to the long time constant in the magnet loads. The Timing for AGS Complex of accelerators is distributed
long term correction system improves the absolute output for real time processes as well as B(t) timing from each
current calibration of the power supply by averaging the machine for general use. These field markers are distributed
current error over several cycles. The present mode takes a for general use, primarily within an accelerator, to define
running/updating average during the dwell portion of the cycle critical events in a cycle such as injection, rf capture,
and holds the average current over this interval to an absolute extraction start and in the AGS, transition.
value of about + /-0.2 Amperes. Fundamental to the timing, is the use of a Supercycle

which operates on a line synchronized 60 Hz clock and defines
BOOSTER HIPS DWELL CORRECTION SYSTEM the repetitive nature of the magnet functions [3]. Major

DWELL READING AUEIREES machine events are globally distributed and include the
- 7 rprimary markers, Time = 0 (TO), events to start clocking

• • each magnet function. Several different magnet cycles can be
-nstored and executed in sequence by defining different "Users"

within the Supercycle. Up to four separate Users can operate
in sequence, each with its own unique main magnet cycle.

126629.99 135E25.U[

ucor 21 err - 0 0 0 0 0 5 P HIGH LEVEL CONTROL

2048 LO ! Control of guide field at the AGS facility has historically
been from the engineering view where the electrical properties

1824 of the system were defined and the cycle was fixed. The new

e .0- AGS distributed control system based on a workstation with
-1124 remote computer environment (Apollo/HP) has allowed the-1924I

- _ _ _ _ _ _ _ _ _ user to shift control perspective to that of detailed definition of
-2948 the B(t) function as required to best control beam parameters.

To achieve this higher level mode, software was developed to
Figure 1. allow the user to request a given B(t) function and then

convert this request into a form the hardware could respond to
The Gauss Clocks for the Booster and AGS consist of using an electrical model of the power supply system as a

long pickup coils in a reference magnet for each machine whole. The B(t) function is derived by defining zones with
connected to a temperature stabilized bipolar voltage-to- specific field properties that are joined by using interpolation

frequency converter; providing both Up and Down Gauss options within the program.

Clock counts to the Gauss Line Generator for global

distribution during a magnet cycle.
Although the Gauss Clock marks the incremental

(0. lG/count) field as the magnet cycle changes, it must be
referenced to an absolute measurement of field to assure major
events (injection, extraction) reproducibly occur at the same
field from cycle to cycle and day to day. The method ;
developed for the Booster and AGS is to sample a Hall probe 4'
installed in the reference magnets over one 60 Hz line cycle
during a period in each magnet cycle when the field is . ... , .. . .. . -
changing little. The calibrate system maintains its own
accumulator of Gauss Clock Up/Down counts. During each
measurement, a closed loop is enabled which slews the
accumulator up or down to match the reference Hall voltage.
This updated GC signal is then used to reset (via a high speed
(50MHz) interface) the Gauss Line Generator to the measured '

value immediately following this interval for each magnet ......
cycle.

With both the long term and field auto-calibration Figure 2 - MMPS program view of several B(t) related
systems in operation, all field triggers throughout the cycle functions allows the User to verify they are as required
have a long term reproducibility of about +/-0.5 Gauss. for the cycle.
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The local control hardware is driven by a family of two dissimilar cycles operate within a Supercycle. The
vector functions for the system. Vector functions provide a system resistance is not truly linear at high currents and the
great deal of flexibility in defining a magnet cycle. A series of inductance also varies at these higher currents. Methods for
linear vectors, up to 256, are fitted to the requested cycle and determining these parameters experimentally have been
loaded to the hardware; a reference current function and the developed. Alternately, tables of values as a function of
corresponding set of voltage functions. In the Booster, there operating current can be used.
are six voltage functions corresponding to each of the Knowledge of the magnet cycle is most critical during the
individual modules, even when the required voltage is zero. injection process given that the injected beam of fixed rigidity
The AGS has one current and four voltage functions that are must be well controlled. Also, since these magnet cycles are
generated. Of importance to an accurate model for the system contiguous, they must be smooth and continuous from one to
is the voltage drop across a power supply module that is the other. The DC or dwell value is this constant amplitude
bypassed for any part of a cycle. Given that at low currents which is usually 10 % - 15 % less than the injection field. The
or on flattops, this bypass voltage represents a significant resistance term (R) for the cycle is determined by setting the
fraction of the total voltage driving the magnet, this was first magnet to a constant dwell value from the program B(t) and
calculated, then empirically refined to image the integrated measuring the resultant current and field from the Hall probe
power supply - magnet system. in the reference magnet. The value of R is then adjusted

The conversion of a requested B(t) function into a family within the program until the current and field match that
of electrical signals begins with a derivation of the requested.
corresponding current function from the measured B to I Once the resistance is fixed,the best approximation for
transfer function of the main ring magnets/power supply the inductance (L) is obtained by pulsing the magnet system
system. The calculation of the total voltage functions depends with a moderate current (2500A) from a defined B(t) function
upon refined models of the basic R/L circuits. A time delay is and adjusting the L term until the measured peak current is
included to accommodate the sampling delay of the basic equal to the requested peak current. With the accounting for
rectifier circuits. A typical set of conversion parameters used the individual bypass voltages throughout a magnet cycle, this
in the program is shown in Figure 3. should provide in principle, a sufficient power supply - magnet

Formula V =L'dl/dt + R1 model. However, due to the simple modeling of the R, L and
where L>lnductance; Re)Resistance; bypass voltage terms and the finite gain of the voltage feed-
and if V < 0.0, V is scaled by NegScale back loops, it was found that once this process was completed

Parameter AdjustTimeV is used to compensate power supply delay, for a given magnet cycle, the integral of the total voltage
s mduring the cycle from all sources was not zero and therefore

Bypass modelling V Ar Bcoe CIet I the magnet field was different at the end of the cycle thanwhere A, B and C are coefficients
from the beginning. This led to an offset injection field for

L in Henry: F.0.148100 the following cycle.

R in Ohm:l 0.113300 The offset is corrected within the high level program by
introducing independent calibration constants for the positive

AdjustTime in millisec: 1.600000 and negative phases of the power supply voltage output. The

A in Volts: 1.751180 negative calibration is empirically adjusted to give a zero net
current change over a magnet cycle.

B in Ohm: 9.7100e-04 Given this present definition of main magnet cycle

C in microOhmlAmp: -2.5500e-02 control, previously cumbersome changes to a magnet cycle
that may be small in nature but lead to improved control of

NegScale (%) 0.986000 beam properties are now routinely available.

Figure 3 - MMPS program electrical model coefficients
for a given magnet cycle. REFERENCES

The total voltage is divided into components according to [ I] A. Soukas, et al., Operational Status of the AGS Booster
the individual module maximum ratings. Once this function Main Ring Power Supply, XVth International Conf. on
family is generated from the requested B(t), the electrical High Energy Accelerators, Hamburg, Germany, 1992.
constants and function/vector fitting parameters, they can be [21 A Soukas, et al., The AGS Booster Main Ring Power
archived for immediate use and loaded to the hardware, or Supply System, Particle Accelerators, 1990, 29, pp. 121-
saved for later recall. 126.

[31 D. Barton, private communication.
SET-UP OF CONSTANTS

Although this view of a system model is sufficient for
simple and/or single magnet cycles, it is not adequate when
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Hierarchical Modelling of Line Commutated Power Systems Used in Particle
Accelerators Using Saber*

James A. Reimund
Superconducting Super Collider Laboratory

2550 Beckleymeade Avenue, Dallas TX 75237

Abstract circuit, and a simplified load. To accomplish this without creat-
ing a very large and complicated schematic, three levels of

This paper discusses the use of hierarchical simulation hierarchy were used. For a 24 pulse system the top level sche-
models using the program SaberTm [1] for the prediction of matic consists of four, six pulse bridge power supplies con-
magnet ripple currents generated by the power supply/output nected in series to form a complete 24 pulse power supply
filter combination. Modeling of an entire power system con- connected to its load. Below each six pulse supply there is a
nected to output filters and particle accelerator ring magnets model of a three phase transformer secondary including imped-
will be presented. Special emphasis is made on the modeling of ances, gate firing circuit and three phase bridge. Below this
power source imbalances caused by transformer impedance level are the elements that make up the transformer secondary
imbalances and utility variances. The affect that these imbal- and the schematic representations of the SCR models con-
ances have on the harmonic content of ripple current is also nected to snubber circuits. The final level of hierarchy contains
investigated, the device model for the SCRs.

I. Introduction WER

In order to design power equipment for ring magnet sys-
tems it is necessary to know how subsystems interact with each OUTPUT
other. This can get quite complicated when dealing with rings ............
of hundreds of magnets, pulsed power supply systems and
power supply output filters. In order to design a power supply
output filter one must first know the ring load characteristics ACCELERATOR MAGNET STRING
and the harmonic content under various load conditions of the
power supply. Imbalances due to rectifier transformer winding POWER SLP ILTER SITRING

OUTPUT RESPONSE X ADMITTANCEerror and ac utilities can also affect the harmonic content of the X ArI ISPECTRLUM UNCTIONSNTIS

power supply output. In order to understand the interactions of

these three systems hierarchical models were developed that -CURRENTRIPPLE j

addressed these systems and their imbalances. -SPECTRUM

II. The Accelerator Ring Model Figure 1.
Block Diagram for Obtaining Current Ripple

The model of the accelerator ring is made up of hierarchal
blocks that represent the magnets comprising the main ring. With the power supply model complete, common and dif-
Within these block representations reside the circuit that mod- ferential mode simulations at the currents and voltages of inter-
els the magnets. A swept frequency ac analysis was then per- est were run. This resulted in a detailed Fourier voltage
formed yielding the common mode and differential mode spectrum of the power supply output (see figures 2&3). Apply-
admittance responses of the ring or for an element within the ing this spectrum to the load admittances yielded an expected
ring. These responses were saved and then multiplied by the ripple current spectrum. The frequency response of the output
frequency spectrum derived from the power supply/output fil- filter was then tailored to provide the desired ripple currents
ter combination to yield a simulated current ripple (see figure within the ring magnets.
I).

IV. The Filter Model
III. The Power Supply Model

The filter type used is a Praeg topology modified to incor-
This model is the most complex of the three. In this model porate L-C series traps (see figure 4). This model does not con-

reside the various imbalances due to ac utilities and trans- tain other levels of hierarchy. With the basic filter response
former winding errors as well as the models for the SCRs requirements known, the filter design and simulation can be
being used in the bridges, the snubber circuits, the gate firing performed separately from the power supply and load. Once

this design is complete the filter response can be verified by
incorporating it with the power supply output spectrum and the

*Supported By U.S. DOE Contract #DE-AC35-89ER404846 ring magnet load response.
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V. Simulated Magnet Current Ripple

22 - -- The results of the previous simulations were used to obtain
2 -2 a simulation of the ripple current spectrum existing in the ring

"* - -magnet load. Within Saber, the waveform of the power supply" --- output voltage spectrum is multiplied by the filter transfer
1A function and the ring magnet load admittance. The resulting

,- spectrum is that of the ripple current within the load. This rip-
ple current depends on the admittance transfer function taken.

0 It is also possible to reconstruct an approximate real time
,_ ___ waveform of the ripple current. Current or voltage sources con-
-- -taining the correct amplitude and frequency of the ripple har-

o0 ,monics can be summed together. The resultant waveform is a
-Mo simulated current ripple waveform (see figure 5).
4W.m

"0 . 1k I, 2k 15k A 3.5k 4k 4i(ts)
M fl CM,•) : (4i0)

12Pls ifeenil Figure 2. S.- --

12 Pulse Differential Power Supply Output Voltage Spectrum --

,,_- .

12m I

II- Mod ___~oie~w of 1_- .-.-- 4--- __fi bn ~ t
36. - _ _ . - 2

14. ___ - -

D. -
4, 4.

. .... A - ___ ,I ii~ ~ l l
2•. I- 4,_, 'FigureS.
0 Simulated Magnet Current Ripple

"0 Ik 2 3k 4k Sk (Oft) From 24 Pulse Power Supply
M AGNIlC) (oft)

Figure 3. Arriving at current ripple can also be achieved by a differ-
12 Pulse Common Mode Power Supply ent method. Instead of combining output spectra and load fre-

Output Voltage Spectrum quency responses, each of these models can be connected
together to form an entire ring magnet power system. The rip-
ple current is then measured within the ring magnet load at the
desired location. Obtaining current ripple in this way. however.
is about four to five times slower than the method previously

R_ • described. The ripple waveforms obtained using both methods
RG C.cl• were very similar.

I l Lt C •VI. Power Source Imbalances

There were two sources of power supply harmonics that
Rcf2 C:' were investigated. The first and most obvious source is due the

S2number of pulses per line cycle produced by the power supply.
The second is caused by imbalances in such things as trans-
former windings and ac utilities. The primary harmonics are
well known and can be easily accounted for but the harmonics
caused by utility power and transformer variances is not as

Figure 4. apparent. These imbalances cause voltage and phase asymme-
Modified Praeg Filter Topology tries that produce low frequency harmonics (i.e. sub-harmonics

of the primary switching frequency). These harmonics may not
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be nearly as high in amplitude as the primary switching har- With these imbalances in the transformer secondary new
monics but because of their low frequency they are harder to harmonics are observed in figure 7. The harmonic at 120 hz is
filter out.This can be a problem if these low frequency harmon- particularly large with smaller harmonics occurring at 60 hz
ics occur at critical frequencies of interest. For a multi-kiloamp intervals. For a system with more pulses per cycle and with
filter, the capacitance and inductance values can become quite series connected bridges the effects and harmonic production
high which adds to the expense of production and the size of will be different depending on the asymmetries of the system.
the overall filter. Figures 6 and 7 show the output voltage spec- In the case presented three fold asymmetries are introduced in
trum of a balanced and imbalanced six pulse system respec- both the phase voltages and the line to neutral impedances.
tively. The imbalances consisted of a 1% voltage and a 2% This is the cause of the predominant 120 hz harmonic. For a
transformer impedance imbalance. power supply with four of these bridges in series (i.e. a 24

pulse system) the possibility of two, three and four fold asym-
metries exist.

L ago Affects of current overlap can also be observed using this"60. ..... .. • _ ..... model. Overlap is not the result of any imbalance but can still

0 - -cause a shift in harmonics that could prove troublesome.

VII. Conclusion

so___-. With Saber it is possible to model an entire ring magnet
.. .. power supply system, either in its entirety or in separate parts

0 whose responses are then combined. This allows the simula-
tion and measurement of such parameters as common and dif-

3 1 f +l- ferential mode magnet ripple current due to converter type.
filter design, and transformer/ac utility imbalances. It is also

-- - ,k possible to use the ripple spectrum created to reconstruct an
approximate real time current waveform for examination of

Figure 6. peak to peak ripple.

Six Pulse Balanced Output Voltage Spectrum
(firing angle=85 deg.,I=1500A) VIII. REFERENCES

[I] SaberTM is a registered trademark of Analogy Inc.

1.Fk. 1 _I _ I

0 -.

I, - --- -- I

0 240 10 720 %00 Ilk 144 10k' [.92a ON)

Figure 7.
Six Pulse Imbalanced Output Voltage Spectrum

(firing angle=85 deg.,I= 1500A)
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Indep, -dent Resonant System Tracking Considerations

K.W. Reiniger,
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C. V6T 2A3

Abstract bient conditions. The overall circuits are of a distributed
rand Driver rings resonant cell configuration which serves to minimize theThe TRIUMF KAON Factory Booster an rvrrnspeak voltage to ground.

are to be excited using a resonant topology, with indepen- Since the repetition rate of the acceleration cycle is fixed,

dent dipole and Qf and Qd quadrupole resonant systems. the res etworare excte a t a fixedf

Dipoles and quadrupoles for the same ring must track and the resonant networks are excited at a fixed frequency in

l This a driven mode, as opposed to free running. For reasonsthe booster and driver rings must be phase locked, hi of electrical efficiency, the resonant cells are tuned to be

paper presents some of the considerations which need to

be taken into account for this system to be feasible. very close to the driven frequency. The tuned response of
course will vary as a result of component value drifts but

I. INTRODUCTION this is dynamically compensated to some extent by the use
of switchable trim capacitors for each system.

In the TRIUMF KAON Factory booster and driver rings Figure 1 shows a typical resonant circuit configuration
the dipole and quadrupole magnets are separately excited, for the booster dipoles. Central to this circuit is found
each having their own resonant circuits. This separated the pulse forming network which is used to establish and

function mode of operation allows for flexibility in tuning control the ac resonant response used to drive the magnets.

of these elements by having independent amplitude control the tw rupone networs ha ve a s r gurtin
withut avin toresrt t trm qudruole whih wuldThe two quadrupole networks have a similar configuration,without having to resort to trim quadrupoles which would differing only in the number of resonant cells which are

occupy additional space on the rings which is already at a required.
premium.required.

premium. The pulse forming network provides the energy to con-
This additional flexibility however complicates the pow- trol the peak to peak resonant response by providing for

ering of these magnets since one has at least three inde- the energy loss of the system once per oscillatory cycle.
pendent resonant systems per ring whose magnetic fields This occurs through the primary windings of the dc by-
must track, in terms of frequency and phase. pass chokes. Timing of these pulses also defines the oper-

II. SYSTEM DESCRIPTION ating frequency of the respective tuned resonant systems.
A more detailed description of the energy makeup system

The three resonant networks are comprised of magnet in- is presented in reference [4].
ductance, dc bypass choke inductance and capacitors. The Given the fixed driven response and the variations in the
inductance and capacitance determines the nominal natu- natural frequency tune, there exists a variable phase shift
ral resonant frequency of the network. The natural reso- between the energy makeup waveform, which determines
nant, frequency varies as a function of excitation and am- system timing, and the resulting magnet current. The only

time these two are in phase is when the driven frequency
t% L/, Icorresponds exactly to the natural resonant frequency.

n' Temperature= 27 Case: I DEC

L 0/2 "
,._.

.•,, -12.11 - 1

LM/2 eb Le C"I-12.89

owRUA )A ,"M

ltree rn/ -2.U -U g

Cr 498 52
Frequency in Hz

Fig. 1. Typical resonant network. Fig. 2. Typical resonant network gain plhase plot.
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Figure 2 shows a typical gain phase relationship of a etc. Since the natural response of the resonant circuits ex-
single network which is representative of all three. Since hibit an exponential decay between energy makeup pulses,
one is running very close to resonance one is in a region of the dipole and quadrupole circuits must have an equiva-
maximum phase transition as a function of frequency and lent Q to match the asymmetry of the current waveforms
large phase transitions are possible due to small natural in each circuit to achieve reasonable tracking of their mag-
resonant frequency variations [2,3]. netic fields.

Whether energy makeup is done with a sinusoidal forcing The required timing correspondence between booster
function or with a pulse forming network, the phase angle and driver will be handled in a similar manner where
difference of excitation and response results in a varying the booster dipole again will be used as the master tim-
time delay of the oscillatory response with respect to the ing reference for the driver dipoles and the corresponding
master clock. Since none of the thre, networks stays tuned quadrupoles will be slaved to the driver dipoles.
to the same natural resonant frequency, the three responses
exhibit different phase angles. As all three circuits exhibit IV. CONCLUSIONS

a Q of about 100 these individual phase shift variations are Tracking of independent resonant networks is feasiblepronounced.Trkigfineednreoatntokisesil
The natural resonant frequency of the three distributed based on experimental work done at TRIUMF for purposesmagnet systems can not be perfectly matched, but will be of magnet measurements of the booster dipole prototype.trimmed as close as possible. An appropriate phase sensing network needs to be devel-Variations of the natural resonant frequency are due to oped which functions in the presence of the tunable dc

thermal variances which effect the value of capacitance and bias. As well a detailed analysis of the phase control loop
thermalgvariane swhicheffect gtp. valuf capacitoe ane and t-which copes with the severe phase transitions encountered
the magnet gap. The capacitors for example have a ther- intetresseswed ob oe
mal coefficient of about -0.04% per degree centigrade. in the three systems needs to be done.

The second factor which must be taken into account Though I have not had the opportunity of setting up in-
is the dependence of the natural resonant frequency on dependent networks the experience gained in running the

xisthe n depenenel of. texisting resonant configuration at full power leads me to
excitation level [1]. believe that the methodology contemplated will be suc-

The dipole circuit which has the highest stored energy cessful.
serves as the master reference for the two quadrupole I would like to thank Dr. Jonathan Kim of the Univer-
circuits. The problem now is that of synchronizing the sity of Victoria and Neil Marks from Daresbury Laboratory
quadrupole circuits. If one were to use the same pulse train for their invaluable assistance on this project.
timing for all three circuits, there would appear phase dif-
ferences of the two quadrupole currents with respect to V. REFERENCES
each other as well as to the dipole current.

[1] K.W. Reiniger, "Power Supply System for the TRI-
I11. SYSTEM TIMING UMF KAON Factory", Conference Record IEEE,

Particle Accelerator Conference 91CHi3038-7 pp.920-
The solution is to tune the quadrupole resonant fre- 922 (1991).

quency to have energy makeup pulses which are sufficiently [2] J.M.S. Kim, "SPICE Simulation of Resonant Booster
time delayed with respect to those of the dipole circuit. Ring Magnet Power Supply", KAON Design note
One then uses the dipole timing as a reference, and pro- TRI-DN-K178 (Aug 1991).
vides the quadrupole circuit ac makeup pulses with the
same repetition rate as for the dipoles but with an ad- [3] N. Marks, "Disturbance Generated in the Booster

justable time delay with respect to the dipole pulses to Magnet Networks by the Energy Makeup Pulses",

achieve phase lock of the fundamental quadrupole currents TRI-DN-92-210 (1992).
to the fundamental dipole current. [4] J.M.S. Kim, K.W. Reiniger, "Frequency-Domain

The time delay and natural resonant frequency tuning Analysis of Resonant-Type Ring Magnet Power Sup-
would have to be optimized to provide sufficient dynamic plies", (these proceedings).
range and to minimize the generation of harmonic distur-
bances due to the time displacement of the energy makeup
pulses [3].

Driving the quadrupoles further off resonance implies a
less efficient powering of the quadrupole circuits, though
this is necessary to have sufficient dynamic range for the
system to be feasible.

To achieve good tracking by phase locking the funda-
mental current components of course requires that the
magnetic properties of the dipoles and the quadrupoles
are carefully matched in terms of saturation characteristics
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Electrical Characteristics of the SSC
Low-Energy Booster Magnet System*

A. Young and B. E. Shafer

Los Alamos National Laboratory
Abstract

The purpose of this paper is to review the electrical I1. SYSTEM LAYOUT AND COMPONENT
design of the magnet system for the Superconducting Super VALUES
Collider (SSC) Low-Energy Booster (LEB). The primary
operating mode of the LEB is as a 10-Hz rapid-cycling proton The overall electrical layout of the magnet system is
synchrotron. In this mode, capacitor banks are used to make shown in Fig. 2. The magnet system is divided into 12
the entire magnet circuit resonant at 10 Hz. This resonant approximately equal cells and separated by 12 choke-capacitor
system thus eliminates the requirement of having to provide cells. The ring is powered by three power supplies and
(and recover) a large amount of reactive power. The primary filters. The magnet bus turn-around point (not shown) is in
focus of this paper is to analyze the electrical properties of magnet cell No. 12. The magnet bus wraps around on itself
the magnet system. In addition to the 10-Hz mode, the so as not to create a single-turn 180-m-diameter current loop.
magnet system is capable of operating as a 1-Hz ramped This strategy not only minimizes system inductance but also
proton synchrotron, with flat "front porches" and "flattops" minimizes stray 10-Hz fields. (Also not shown is the
for injection and extraction. This mode is initiated through resonance control loop, which attaches to the choke secondary
bypassing the choke-capacitor system and exciting the windings.)
magnet system with a SCR power supply using Ring magnet power is derived from three series-connected
predetermined waveforms. Both these operating modes (10 dc power supplies (2200 A) and three series-connected 10-Hz
Hz and 1 Hz) are analyzed using SPICE (Version 3E). ac supplies (1800 A peak). The entire system is made

resonant by tuning the capacitors. The resultant current
I. INTRODUCTION excitation is a biased sine wave whose magnitude varies from

a minimum of 400 A to a maximum of 4000 A.
Because the energy gain during the acceleration cycle of

the Superconducting Super Collider (SSC) Low-Energy
Booster (LEB) is from 600 MeV to 12 GeV, the magnet C ,..I
current must swing through a factor of 10, from 400 A to
4000 A. Because capacitors cannot conduct dc current, the
capacitors are placed in parallel with inductors (chokes) so
that the magnet system can operate with a biased-sine-wave
excitation. The primary focus of this paper is to analyze the
electrical properties of this magnet power system.

The major components of the magnet power system
include the 2-m dipole magnets, the quadrupole magnets, the C - .-
chokes, the capacitors, and the power supplies. These can all -
be represented by electrical circuit models that have the same J

electrical behavior (both dc and ac) as the actual components. .
The electrical-equivalent circuit for the dipole is shown in -" *me C,
Fig. 1.

700 Figure 2. The overall LEB ring magnet system electrical

2 3.2mQ lmo 6 6mH 3 layout.

The major electrical properties of the LEB magnet
10 nF Imag system include its total inductance (about 296 mH) and dc

Imag .lmQ resistance (about 690 mil with the chokes). Thus, the peak
SA---A4 stored energy in the LEB is about 2.7 MJ (2.4 MJ in the

0 /•0 magnets and 0.3 MJ in the chokes at IMo = 4000 A). The
general characteristics of the LEB magnet system can be seen

Figure 1. Equivalent circuit for a pair of 2-m LEB dipoles. in Table I.

* Work supported and funded by the U.S. Department of

Energy office at the Superconducting Super Collider Laboratory.
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General Characteristics The dc and ac electrical properties of the ring components
ingCircumference 570 mees were estimated using equivalent-circuit component values.Ring Circumfrene 600 mets The magnets and the chokes were modeled using a seriesresistance to represent the dc coil resistance and a resistance in

Extraction energy 12GeV parallel with the inductance to represent the eddy-current ac
Operating modes 10-Hz resonant, and hysteresis losses. The capacitors are expected to have ac

1-Hz ramp cycle losses not exceeding 5 kW each. Because the excitation
Magnet injection current 400 A current is known, it is possible to estimate both the dc and ac
Magnet extraction current 4000 A power requirements. The overall estimate is 3351 kW of dc
Total ring inductance 296 mH power, plus an additional 1476 kW for the ac power
(magnets only) component.
Total ring resistance 332 mnf
(without chokes) III. ANALYSIS OF THE OPERATING MODES
Total ring resistance 692 mn
(with chokes) Analysis of the 10-Hz resonant Mode
Dipole maenets Eight issues relating to the operation of LEB in the 10-
Quantity 96 Hz resonant mode were analyzed. These were magnet current

length 2 m in the frequency domain, magnet current in the time domain,

Peak field 1.3 T (approx.) the characteristics of the choke-capacitor circuit, unequal
Peak field ripple 100 TM p .) capacitance among the choke-capacitor cells, resonanceMaximum field ripple + 100 ppm (estL) control, transients caused by switching capacitors, power
Inductance 2.8 mH supply ripple, and effects of eddy currents in magnets.
dc resistance 2.1 mi All these topics cannot be thoroughly covered in this
Capacitance to ground 5 nF (esL) paper. However, a selected few will be discussed. (A
Quadrupole magnets complete discussion of the analysis is provided in a report

Quantity 90 submitted to the SSC Laboratory [2]).
Inductance 0.3 mH Three simulatons that examined the amplitude and phase

Maximum field ripple ±100 ppm (est.) (in relation to the excitation voltage) of magnet current in the

dc resistance 1.3 m, frequency domain were used to determine the driving-point

Capacitance to ground 5 nF (eat.) transconductance of the magnet system. One simulation

Capacitors spanned frequencies from I Hz to 100 Hz. The results of this
simulation are illustrated in Fig. 3. The other simulations

Quantity 12 more closely examined the small-signal transconductance
Capacitance 16.61 mF between 5 Hz and 10 Hz.
Max. Voltage 2900 V
Max. Power dissipated (ea.) 5 kW
Chokes IAN

Quantity 12

Inductance 40 mH
Max. ac current 1109 A 1000ALV

Max. dc current 2200 A
Capacitance to ground 50 nF (est.) ...

Table I. General characteristics of the LEB ring and
magnet system. 10Hz tomI

Because the driving current of the ring is known Figure 3. Simulated small-signal transconductance magnitude
[2.00 + 1800*sin(wt) amps], it is possible to estimate the of the LEB.
maximum choke current and the maximum capacitor voltage
at 10 Hz. For the baseline design, it was decided that the Because the capacitors have a temperature coefficient and
inductance (L) of each choke should be 40-mH [1], which they will be housed in an unheated enclosure, the capacitance
minimizes the estimated cost for 12 choke-capacitor circuits. is expected to vary diurnally. To maintain resonance at
The final choice for capacitance (C) was 16.61 mF. Thus, a 10 Hz, each capacitor bank includes discrete levels of switch-
resonant frequency equal to 6.17 Hz. The projected cost for selectable capacitance that can be switched in or out remotely.
the L and C components was based on an estimated fixed cost There are three issues related to whether or not the ac and dc
per Joule of energy storage capability in the chokes and power can be present when the capacitors are switched into or
capacitors. out of the circuit. First, are there differential-mode current or
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voltage surges that can damage components when the power achieves a 470 ms acceleration cycle from 400 A to 4000 A
supplies are operating? Second, will there be current with the current ramp rate equal to 10,000 A/s, voltage ramp
transients in the magnet system that can cause the beam to be rate equal to 32,000 V/s, injection and extraction parabolas
lost? Third, are there common-mode surges that can lead to equal to 100 kA/s2 , and ring voltage equal to 3800 V.
excessive voltage-to-ground transients? This ramp waveform is adequate to achieve a 1-s cycle

To simulate the effects of switching a capacitor into the time. Other ramp programs can be used to produce faster
magnet string, the method of superposition was used. Here, acceleration cycles. This ramp cycle is based on a ring
an initial dc voltage of approximately 3000 V was placed on resistance of 332 mfl and inductance of 296 mH and requires
the 400-pjF capacitor. When the switch is closed, the 400-IF only two 2000-V power supplies.
capacitor discharges into the 16.6-mF capacitor through the The dc voltage and 1440-Hz ripple voltage on a single
snubbing circuit. Figure 4 shows the transient voltage across power supply at injection will be 133 Vdc and 110 Vac peak,
the capacitor bank as a function of time. The peak half-cycle respectively, assuming the full-scale power supply output
voltage is 140 V and the frequency is 1 kHz while the other voltage is 1333 V (33% of 4000 V). The expected
resonant frequency is 6.17Hz. differential-mode driving-point transconductance for a single

..... ..... power supply with the choke-capacitor banks removed is
about 1.3 mA per volt at 1440 Hz. Thus, the expected ripple
current at 1440 Hz is 140 mA peak (360 ppm at 400 A). So
some filtering is required. Eddy currents in magnets, beam
tubes, etc., will provide some filtering of the magnetic-field

.1 ,ripple.

III. CONCLUSIONS

There are no critical issues in the design or operation of
the magnet power supply system for the LEB. However,

"".. -- .there are some issues that do need further consideration.
Figure 4. Transient voltage across capacitor bank as a

function of time (3 second duration). • The stray capacitance-specifically coil-to-ground
(magnetic components) and shunt capacitance to case

Analysis of the 1-Hz resonant Mode (capacitors)-should be estimated better. This stray
In the I-Hz operating mode, the choke-capacitor banks capacitance leads to higher common-mode ripple and

are removed from the magnet circuit and the three dc power displacement currents in the magnets.
supplies are ramped using a waveform generator to provide • The resonant firequency needs to be controlled to about
the correct voltage profile. Removal of the choke-capacitor 0.05 Hz (0.5%). The resonance control loop is
banks is preferred to shorting them out because of the large inadequate for controlling the 10-Hz resonance. A
expected shunt capacitance to ground in the choke-capacitor power-factor monitor at the 10-Hz power supplies
circuit that adversely impacts the rejection of power supply appears to be a better monitor for the resonant frequency.
ripple voltage (especially common-mode). • Because the LEB is a separted-function-synchrotron,

the eddy-current time constants of the dipoles and
"AR -M Wa snR Currem and voolta. quadrupoles should be matched in order to minimize tune

I I shifts during acceleration. The source of the tune shift is
a retardation of the magnetic fields due to eddy currents.
The matching is best done by adding external bypass
resistors across dipoles or quadrupoles. The magnets

"- should be designed to allow for the attachment of
external bypass resistors in order to control the magnetic
field retardation.

_.. IV. REFERENCES
. as ,. .. .. .. 0 [1] C. Jach, eL. al. , "Energy Storage Inductor for the Low-

Figure 5. Sample ramp voltage and current profile. Energy Booster Resonant Power System," To be published
in 1993 Proc. Particle Accelerator Conference.

The power-supply voltage and current waveform for I-
Hz ramping is limited by four constraints: maximum current [2] R.E. Shafer and A. Young, "Electrical Characteristics of
ramp rate, maximum voltage ramp rate, injection and the SSC Low-Energy Booster Magnet System, "Los Alamos
extraction parabolas, and maximum ring voltage. Figure 5 National Laboratory document number LA-UR-92-3298-0O.
illustrates a sample ramp voltage and current profile that
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Analysis and Design of a High-Current, High-Voltage Accurate Power Supply for the
APS Storage Ring*

M. Fathizadeh
Argonne National Laboratory

9700 South Cass Avenue, Argonne, IL 60439

Abstract REGULATION (AI/Imax)

There are 81 dipole magnets contained in the storage ring Stability ± 30x10-6
at the Advanced Photon Source (APS). These magnets are con- Reproducibility ± 50x 10-6
nected in series and are energized by only one 12-phase power Current Ripple ± 400x I0"
supply. The eighty-first magnet is located in a temperature- Tracking Error ± IOOx 10-6

controlled room with an NMR probe to monitor the magnetic
field in the magnet and provide a reference signal for correction III. DESIGN AND TOPOLOGY
of the field drift due to aging of the components. The current In order to provide current to the magnets, several types of
in the magnets will be held at 497 A. The required current sta- power supplies are used. Phase-controlled thyristor rectifiers
bility of the power supply is ±30 ppm, the current reproducibili- and switched-mode power supplies (SMPS) are the most com-
ty is ±50 ppm, and the current ripple is ±400 ppm. The voltage mon types used to energized the magnets. In phase-controlled
required to maintain such a current in the magnets is about 1700 power supplies a low pass filter is used to somewhat filter the
V. Different schemes for regulating current in the magnets are ripple current. The accuracy and the response of the output cur-
studied. Pspice software is used to simulate the behavior and rent depends on the number of silicon-controlled rectifiers
the design of such a power supply under different conditions. (SCRs) used in the power bridge and the low-pass filter frequen-
The pros and cons of each scheme will be given and the proper cy response. Due to the imperfection and imbalance in the pow-
power and regulating scheme will be selected. er transformers, the output current may contain ripple content

with the line frequency. Several techniques have been sug-

I. INTRODUCTION gested in the past [2] and currently being employed to regulate
the output current. To compensate for the load disturbance and

The storage ring of the Advance Photon Source (APS) at ripple in the output current, active filters such as transistor
Argonne National Laboratory (ANL) contains 81 dipole mag- banks or coupled reactors are used. The use of transistor banks
nets. These magnets are connected in series and fed by a means an inherent reduction in the output voltage and, conse-
12-phase accurate and stable power supply. In order to provide quently, lower efficiency. Use of coupled reactors can reduce
a stable reference for the power supply, a 17-bit digital-to-ana- the output current ripple, but reduces the tracking speed of the
log converter (DAC) is programmed by the control computer. power supply.
The 81st magnet is placed in a temperature-controlled room The SMPSs, however, are highly efficient, quick to re-
with an NMR probe to monitor the magnetic field in the magnet spond, and introduce high frequency ripple in the output current
and provide the correction signal due to the aging of the compo- that can be filtered more easily than the low frequency ripples
nents. The correction signal is sent to the DAC to modify the in the phase-controlled cases. On the other hand, the switched-
reference signal. The power supply is equipped with a passive mode power supplies can cause a high electromagnetic interfer-
L-C-R filter to reduce the ripple content of the output current. ence (EMI) due to their high di/dt and dv/dt [3). In some cases,
To regulate the current in the magnet, a high precision, low EMI filtering may be required to avoid perturbations to other
drift, zero flux current transductor is used. The transductor equipment next to the power supply or the power line [4].
senses the magnet current and provides the controlling signals Another technique uses the phase-controlled and switched-
through the regulator. Several control loops are used to regulate mode power supplies in series combination. Usually the phase-
the current in the magnet load. Fast correction for the line tran- controlled section delivers 90% to 95% of the output power and
sient is provided by a relatively fast response voltage loop con- the SNIPS delivers the rest. The 5% to 10% of the output which
trolled by a high gain slow response current loop. Different de- is delivered by the SMPS is required for the regulation. Phase-
sign topologies are studied and will be given in the following, controlled power supplies have limited bandwidth depending

on the number of the SCRs used in the power bridges. For
YSPECIFICATION instance, in a 12-pulse phase-controlled power supply the band-

I. POWER SUPPLY Swidth is limited to 720 Hz while the switched-mode power sup-

The power supply must deliver 497 A continuously to a ply can have very large bandwidth up to 500 kHz. The utiliza-
chain of 81 dipole magnets. The output voltage at full load op- tion of the SNIPS allows fast and precise correction of the output
eration is 1662 V []. current.

*Work supported by U.S. Department of Energy, Office of Basic
Energy Sciences under Contract No. W-31-I09-ENG-38. The submitted manuscript has been authored
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IV. DESIGN AND RESULTS power drop for all load conditions. A certain minimum voltage
across the transistor bank is always needed for the current regu-

A. Filter Design lation. In the prototype power supply the voltage drop across
the bank varied from 25 V to 7 V and load currents from 10 AA filter with a cut-off frequency of 720 Hz was designed to to 1100 A. For AC line voltage compensation a feed forward

eliminate the fundamental and higher harmonics of the current to was A. Meavoltage amensat feed fordi-
in the power supply. e transfer function of the filter is givenfull load condi-
in the pollowerg sup. Ttions, and the ripple of 15 ppm and stability of 45 ppm was mea-
in the following [2]: sured.

eo sT2+ 1 (1)
-i = s3T2 L1C1 + s 2(TiT2 + L1 C1 + L1 C2 ) ± s(T 2 T + T3) + 1

where T, = R1 C1 , T2 = R2C2 , T3 = RIC2 ,. L= 650 jt-,
C1 = 16200 piF, C2= 37800 liF, and R2 =0.265 a.

However, due to imbalances in the power transformers, the
60-Hz component passes through the filter and is noticeable in
the output current if it is not filtered. The use of a pass transistor
between the filter and the output can act as an active filter. The Y V 1,
base current for such a transistor is proportional to the output
current. Care must be taken to ensure a limited amount of volt-
age across the pass transistor. The pass transistor can fail due
to high power dissipate or high voltage across it. Usually four
or more control loops are used to ensure the safe and reliable
operation of the pass transistor. One relatively slow but high
gain current loop, a high gain output voltage loop, high gain
voltage loop for AC line compensation, and a voltage loop to Figure 1 Block diagram for storage ring dipole power supply us-

maintain certain voltage drop across the pass transistor are ing phase-controlled and pass transistor.
needed. Other loops may be used in conjunction with the above A second alternative to the above design is the use of
control loops. A feed forward loop is usually used for AC line switched-mode power supply in conjunction with the phase-
voltage compensation. The limitation of this technique appears controlled power supply. The phase-controlled part delivers the
when a relatively high output voltage is required because the main power and the switched-mode part performs the regula-
pass transistor must support the output voltage in the short cir- tion and the fine tuning of the output current. The switched-
cult situation. This configuration is shown in Figure 1. mode power supplies have a relatively larger bandwidth than

In order to test the above technique, a power supply with the phase-controlled ones, thus the correction of the current is
the following characteristics was prototyped. fast and a low ripple current can be obtained easily. For this

Max. Output Voltage 80 V scheme, usually about 10% of the output voltage must be deliv-

Max. Output Current 1100 A ered by the SMPS and the other 90% is delivered via the phase-
controlled power supply. The switched-mode power supply

Stability ± 30x10-6 must carry the output current which is a drawback of this
Reproducibility ± 5Ox 10-6  scheme. The instantaneous output voltage of the total power
Current Ripple ± 30x10-6 supply is used to determine the transistor switching, while the

output voltage of the SMPS is used to determine the fiuing angle
A 12-phase power supply with pass transistors was de- of the thyristors. Since the output voltage of the SMPS is

signed. A set of twelve parallel Powerex water-cooled transis- compared against a fixed voltage reference, the SMPS always
tors (D7ST) was used for the pass transistor bank. These tran- maintains a certain portion of the output ".-oltage. This configu-
sistors are designed for switching applications; the voltage ration is shown in Figure 2. The switching transistor in the
rating of these transistors is specified only for that purpose. In SMPS must be protected against the di/dt and dv/dt due to the
the linear application the voltage rating of the transistors must output filter and the magnetic load. The SMPS in Figure 2 is fed
be drastically de-rated. In our case, the 400 V transistor was de- from bridge rectifier with a typical R-L-C filter. The filter char-
rated to 30 V application. Under a higher voltage application acteristic may cause oscillation in conjunction with the SMPS
the transistor may fail. The failure under such a condition is a and its load. The filter is usually designed to be near critically
short circuit. In order to reduce the power drop across the tran- damped to improve the overall efficiency. The R-L-C filter can
sistor bank, an adaptive control loop was designed to maintain give rise to low frequency oscillations at its output when it is
a minimum power drop across the transistor bank under differ- subject to periodic load changes, e.g. when supplying power to
ent load conditions. The voltage drop across the transistor bank an SMPS. In order to avoid such a problem, the inductance in
decreases as the load current increases, thus result in a constant the R-L-C filter must be reduced and the R and C increased [51.
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tor Environment," Nuclear Science Symposium and Medi-
cal Imaging Conference, Orlando, Florida, 1992.

Figure 2 Block diagram for storage ring power supply using
phase-controlled and switched-mode power supply

V. CONCLUSION
Different configurations for the power supply of the stor-

age ring dipole magnets were studied. In order to eliminate the
output current ripple, an active filter was needed. Use of a pass
transistor as the active filter was investigated and it was con-
cluded that complicated control circuitries are needed to make
such a scheme work. It was also concluded that under high out-
put voltage, the pass transistor may fail. A prototype was built
to investigate the operation of such a configuration, and the re-
sults indicate almost one order magnitude better performance
than the required regulation.

The use of SMPS in conjunction with phase-controlled
power supply was also investigated and the required control
loops were shown. The SMPS may cause oscillation when the
input filter inductance is relatively high. The switching transis-
tor must be protected against di/dt and dv/dt due to the output
filter and load inductances.

VI. REFERENCES
[11 Advanced Photon Source Design Handbook Vol. II, Dec.

1989.
[21 W. F. Praeg, "A high-current low pass filter for magnet

power supplies," IEEE Trans. Industrial Electronics and
Control Instrumentation, Vol. IECI-17, No.1, pp. 16-22,
Feb. 1970.

[31 N. Mohan, T. M. Underland, and W. P. Robbinson, Power
Electronics Converters- Application and Design, (New
York: John Wiley & Sons, Inc. 1987).
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Design of the HIMAC Synchrotoron Power Supply

M. Kumada, K. Sato, A. Itano, M. Kanazawa, E. Takada, K. Noda, M. Sudou, T. Kohno, H. Ogawa,
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Abstract order to overcome this problem, bridging resistors are
The design for lattice magnet power supplies of the connected to each magnet coils: the resistor performs the

HIMAC synchrotron is described. Characteristic feature damping of the resonance and bypasses the higher frequency
includes separate neutral line, a configuration of separate coil components of the coil currents. From this viewpoint our
of a magnet, an accurate description of load magnet and thyristor power supply of 24 pulses is advantageous that that
dynamic load analysis. of conventional one. Lower frequency components as 50 Hz

and 100Hz are suppressed by a technique of repetitive digital
I. INTRODUCTION control developed at KEK. In order to achieve repetitive

control of higher performance, we made much effort to
HIMAC, the world first medical heavy ion accelerator increase an accuracy of the load parameter. To this end, a

complex dedicated to cancer treatment[I], is in the final fractional polynomial fitting and an idea of effective
construction stage. An initial beam test of the injector linac inductance are developed. We adopted the VME and fast
has been successful[21. -An alignment of machine components PDOS real time operating system to facilitate the control.
of the synchrotrons has started and preliminary tests of the To get reproducible data for the repetitive control the
synchrotrons without beam are expected to begin in this sampling timing of a voltage and a current is synchronized to
coming summer. The main accelerator comprises two event clock signals which is phase-locked to a primary 50 Hz
separate synchrotrons where the slow extraction is based on ac line voltage and an event generator, dual pattern memory
the 3rd order resonance. Being medically dedicated, for switching the spill pattern are developed.
extraction energy, ion species, and intensity must be variable The effect of the resonance is weakened by crossing-over
in a wide range, while a stable beam spill is required. Thus, cabling of the upper coil to lower coil from magnets to
tolerance for current stability, current ripples, and current magnets. We carefully choose a standard cabling to reduce
spikes for lattice magnets is extremely tight in wide range of the lower frequency components of the spatially distributed
magnet current. In order to achieve high performances, we coil currents.
have carefully designed for power supplies from the point of
view of the best combination of the power supply and the load
magnets. Some parameters are given in Table 1. Table I Main parameters of the _Dower supplies and load.

We describe in this paper the design rationale of the
system and an example of the analysis of the power supply Power supplies
and the magnets where an importance of the equivalent circuit stability goal(ppm) 20
of 6-terminal, a separation of common and normal mode and a repetition(Hz) 0.3- 1.5 at 600 MeV/u
separation of magnet coil is particularly emphasized. rise / flat top duration(s)(600MeV) 0.7/0.5 at 0.5 Hz

rate of field change (T/s) 1.4
II. DESIGN RATIONALE

Filter parameters dipole quadrupole
In usual system configuration of a thyristor power supply Lstatic(mH) 2.5 0.5

and lattice magnets, a common mode component of coil CI(mF) 0.4 2
current ripples and spikes are spatially distributed over whole C2(mF) 2 10
load magnets and deteriorates the circulating beam as a closed R(Q) 2.2 0.44
orbit distortion and a tune shift which suggests an insufficient Ldynaric(mH) n.a. 0.5
suppression of the common mode components in contrast to
that of the normal mode. In order to suppress both modes Load dipole quadrupole
simultaneously we separate magnet coils into upper and lower output power(MW) 5.13 0.538
coils, we prepare the third neutral line, and we equip the voltage(kV) 2.27 0.32
common mode static filter for the power supply in addition to current(kA) 2.26 1.35
the normal mode static filter. As the lattice magnets are total inductance(mH) 633.1 110.8
connected and excited in series by the power supplies, the resistance(mil) 200.2 116.8
parasitic resonance results like in a distributed circuit. In
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A. Configuration of power supplies and load magnets
with C=C0+2CI, p=jw. As is seen, the difference and the sum

The unique feature of the system of the power supply and components are decoupled. Multiplying the matrix of a
load magnets is shown in Fig. 1. Three lines from the power number of magnets and terminating the end coils depending
supply, which are a positive, a negative and a neutral output, upon the short or open connection, we can calculate the
respectively, are connected to the load magnets. These three electrical characteristics of the system. Numerical computing
lines are connected to the upper coil, lower coil, and magnet of the resonant frequency shows a dispersive nature as shown
yoke. The third line that performs as the neutral line of the in Fig. 2. Although above expression is for the simple case, it
power supply is introduced, for the first time, to separate the can be shown that any complicated circuit could be decoupled
normal mode and the common mode more clearly. The by decomposing into simpler circuit. Fig. 2 shows resonance
neutral point of an upper half and a lower half of symmetric characteristic of the current sum of quadrupole load where
thyristor banks of the power supply are connected to the third angular frequency to0 is normalized by the resonant frequency
line. In addition, low level electronics refers to this line. woO, which is given by the load inductance and leakage

In this viewpoint, the magnet coils comprise self capacitance. In this case, the number of resonance is 10 for 12
inductance, mutual inductance, series resistance, capacitance units of quadrupole magnets. Note the appearance of lower
between upper coil and lower coil, and capacitance to the frequency, lower than that of the resonance frequency of the
magnet yoke. Consequently, circuit of six terminals is unit cell of the magnet. Beyond 0o / o 0 = 2, which
formed. It can be shown that the circuit is decoupled to a corresponds the cutoff frequency, the resonance is suppressed.
circuit of four terminals by the use of sum of upper coil
current and lower coil current (normal mode), and by
difference (common mode). -- normalizedrquency

It should be emphasized that a conventional configuration dis ersio~n relition
of the power supply and its load should also be treated as 6 2 t-I I
terminal-circuit. An advantage of introducing this neutral line 2. .
is to clarify and visualize a circuit of an unpredictable leakage
capacitance among an excitation cable, coil and a ground line S 1.5....
of which location is also quite unpredictable. In our new 1..

scheme this ghost ground line is replaced by the physical
neutral line. 0 0.5.

It1 1'2
number of resonance mode

-PE i, Fig.2 Dispersion relation of the sum current of quadrupoles

1i I Analytic expression of the difference of the upper coil and
-. lower coil current is obtained as

S1-ILOWER Inv-Jm -Zo (sinhImL Zosinh mC+ Zcoshm" sinhmNr

Bridge r sUi - Vi Zosinh NC + Z cosh N "
z0

'q,, Lstatic -< LOWAD with tanhNC= --- , where 2 Z is an impedance of a unit
ThrstrBakv j MGNET

Thyristor Bank magnet treated as an element of the ladder circuit and Z0 is
usual characteristic impedance. This expression suggests the

Fig. 1 Equivalent circuit of the power supply system effectiveness of the bridging damping resistor.
In Fig. 3, a typical example of the spatial distribution of

B. Analysis the resonance is shown. As shown, the mode is characterized
by (2n-1)/4 wave length where the fundamental mode,

Frequency characteristic of voltage difference, U-V, 0)/10)=0.127, is a quarter wave length. This mode must be
current difference I-J, voltage sum U+V, current sum I+J of carefully avoided. This pattern is universal regardless of
the unit magnet with leakage capacitance are able to be various parameters.
calculated by multiplying transfer matrix. Neglecting the
resistance that bridges the coil inductance in order to damp the C. Shuffling of magnets by cabling
resonance and to by-pass the coil current, we get the six-
terminal transfer matrix for each magnet: Due to a property of a ladder circuit of the load magnet and

cable, a resonated current has a cosine shaped spatial
(1 -(pL + R) 0 0 distribution along the magnet. The inhomogeneity caused by

-pCO I+pC0(pL+R) 0 0 the effect of the particular resonance is minimized by a proper

0 0 1 -(pL+ R) pattern of combinations of reversing the direction of the

0 0 -pC 1+ PC(pL+ R) 1
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magnetic field among unit magnets, by cable shuffling, where a resistance is appropriately calculated at flat-base and
flat-top periods. As shown in Fig. 4., the effective inductance
depending on the excitation current shows a strong saturation
effect due to the effect of the derivative of the field strength
with respect to the current by an order of magnitude compared

4 - l 4 to the saturation of the field strength itself. For this reason,
0.5 ..... .- ...... fitting equation in the proceeded section is used and its

0 ..... derivative is taken. Accurate calibration of the absolute
V'

4 ~ .... . : inductance is now required. This is done by an analog
-0.5 .integrator system developed for the magnetic field{ ' ......... ........ t .... ... ..... .. ....... .......... .... e u e o , ,,m , o . n .

-1 -. -measurement. With this method the inductance and the
-..s ...... .. _. resistance of the load is precisely determined, where

-2 .... 3 •• -3Im decoupling of the resistance and the inductance is possible
-2.5 • 1 with two different timing conditions.

mqgnet number

I effective

Fig.3 Typical example of the spacial distribution 11
(9

For the case of dipole magnets, we have studied closed 10

orbit displacement of third and fourth order components of 0
every possible amplitude of the resonant frequency. The . 0
result tells no transposable (standard cabling) is the best for
the fundamental mode for our operational tune. At design
stage, it is difficult to predict the mode of the most dominant 7 . .

resonance. And the choice of shuffling may subject to change
depending upon the actual mode of resonance. s

200 400 600 800 1000 1200 1400

D. Electrical characteristics by a fractional polynomial fitting I (A)

To express a magnetic field strength B by the excitation Fig.4 Excitation dependence of Quadrupole Inductance
current I or voltage V or vice versa, instead of polynomial
expansion, a fractional polynomial equation is proposed: III. DISCUSSION

B(I) = a0  + a _(l- Co .)I1+ blI + b212 1 + cll + C2I12 +C3I13 +C4 14 Performance of the power supply was checked at the
factory with dummy load. Ripple current calculated (division

by the nominal inductance) from ripple voltage is at a level of
where a0 is proportional to Hc, ai ampere turn and 1/c0 design goal although it must be checked with actual current.
permeability of an iron core. This equation is a natural This is because even a small amount of a spurious ripple
extension of Ampere's law and is able to express three distinct generated by the transient spike could enhance the ripple
regions of an excitation level: low field where remanent field current under resonance condition. In the preceding
dominates, medium field of high permeability, high field argument, a description about the SVC (Static Var
where saturation effects dominate. In an actual digital Compensator) which will help to improve ac power line is
repetitive feedback algorithm, more sophisticated expression omitted because of the limited space. With a help of the SVC,
is used corresponding to a hysteresis effect. actual neutral line with full load magnet, moreover with a full

set of damping resistor, the better performance of the power
E. Effective Inductance supply is expected in an operation scheduled this summer.

Time derivative of magnetic flux is an induced voltage. IV. ACKNOWLEDGEMENTS
In the case of time dependent field strength, an effective
inductance Leff that is viewed from the power supply, should We gratefully acknowledge the support of all the other
be defined by a usual inductance L0 and its time derivative. member of the division of accelerator physics and

Leff=Lo+I dL0/dt = S dB/dI engineering, research center of heavy charged particle therapy,
NIRS.
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A 2-Megawatt Load for Testing High Voltage DC Power Supplies*

D. Horan, R. Kustom, M. Ferguson, K. Primdahl
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439

Abstract The beam power dissipation of 1900 kilowatts is the most

A high power water-cooled resistive load, capable of dissi- difficult design specification to meet, due to the high voltage

pating 2 Megawatts at 95 kilovolts is being designed and built, and power dissipation levels. The mod-anode and filament

The load utilizes wirewound resistor elements suspended inside loads, although relatively low in power dissipation, have specif-

insulating tubing contained within a pressure vessel which is ic design requirements due to the high voltages involved. The
supplied a continuous flow of deionized water for coolant. A focus magnet load is considered optional at this time, as its de-

sub-system of the load is composed of non-inductive resistor sign requirements are much simplified due to the fact that the
elements in an oil tank. Power tests conducted on various resis- operating voltages are much lower.
tor types indicate that dissipation levels as high as 22 times the block diagram of the entire load system is shown in Fig-ure 1. The beam load consists of wirewound resistor elements
rated dissipation in air can be achieved when the resistors are enclosed in a stainless steel pressure vessel which is supplied a
placed in a turbulent water flow of at least 15 gallons per min-ute.Usig tis ata theloa wa deignd usng 00 esitorcontinuous flow of deionized water for cooling. Due to its size,ute. Using this data, the load was designed using 100 resistorthprsuevslisocednafxdlctonnieteRF

elemntsin seiesarrngeent.A sngl-wal 36 sainessthe pressure vessel is located in a fixed location inside the RF/
elements in a series arrangement. A single-wall 316 stainlessExrcinbldgatheAvcdPoonSuencos

Extraction building at the Advanced Photon Source, in close
steel pressure vessel with flanged torispherical heads is built to proximity to all five klystron power supplies.
contain the resistor assembly and deionized water. The resis- The mod-anode and filament loads are contained in an oil
tors are suspended within G- II tubing which span the cylindri- tank which can be moved to each individual power supply loca-
cal length of the vessel. These tubes are supported by G-10 tion within reach of the power supply output cables. Mating
baffles which also increase convection from the tubes by pro- connectors on the oil tank allow easy connection of the load to
moting turbulence within the surrounding water. the power supply. The pressure vessel is connected to the power

supply through the oil tank by a 350-foot coaxial high-voltage

I. INTRODUCTION cable. All operator controls and instrumentation are mounted
on the oil tank assembly.

A resistive load capable of dissipating 2 megawatts at 95 A safety interlock system is utilized to insure personnel
kilovolts DC is required by Argonne National Laboratory to test safety and prevent equipment damage in the event of a malfunc-
klystron power supplies used in the Advanced Photon Source. tion in the load. The pressure vessel is interlocked to prevent
The overall design of the test load is intended to simulate the overloads due to over-temperature, over-pressure, or insuffi-
load seen by the power supply during normal klystron opera- cient deionized water flow. An internal arc detector is utilized
tion. In this way, power supply maintenance and testing can be to detect arcing of internal components. The oil tank is inter-
performed without risk of damage to the klystrons. locked to prevent over-temperature operation and access to

The operating parameters of the load are dictated by the high voltages. All of these interlock circuits are connected in
TH2089A klystron power supply requirements. A resistive a normally-closed series arrangement and are used to shut down
load is required for each power supply sub-system, as given in and/or prevent turn-on of the power supply under test should a
Table 1. malfunction occur in the test load system.

Table 1
TH2089A Power Requirements [1, 21

Parameter Voltage/Current Power Level Equivalent Duty
Resistive Load

Beam power 10 to 95 kV DC 1900 kW max. 4750 ohms cont.
@ 20 amps max.

Mod-anode 5 to 85 kV DC 850 watts 8.5 megohm cont.
@ 10 mA max.

Filament 25 vac @ 25 amps 625 watts I ohm cont/int.

Focus Magnet Coils 300 V DC @ 24 amps 7200 watts 25 ohms (x2) cont./int.

* Work supported by U.S. Department of Energy, Office of Basic Energy Sciences, under Contract W-31-109-ENG-38.
The submitted manuscript has been authoted

by a contractor of the U. S. Government
under contract No. W-31-10CJENG-38.
Accordingly, the U. S. Goverament retains a
nonexclusive, Toyalt-iree IK:enw to publish
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KLYSTRON OLTN
POWER SUPPLY

25VAC@25A T •9-

95KV@20A -- 8.5 MEGOHMS TOTAL

DEIONIZED WATER

IN OUT

Figure 1. Load System Block Diagram

II. DESIGN OVERVIEW

The pressure vessel contains the resistor network for the
beam power supply load. The selection of a resistor best suited
for this application was made after extensive power testing of
sample units. Compatibility with the deionized water system
was also a determining factor in resistor selection, which lim-
ited metals in contact with the water to copper and stainless
steel.

A test chamber was built to determine the power dissipa-
tion capacity of resistor designs when cooled by a turbulent de-
ionized water flow (see Figure 2). The chamber consists of a
5-inch ID clear Plexiglass pipe, 36 inches long, connected to a
supply/return system of deionized water. The resistor under test
is suspended inside the tube, in the water stream, and supplied Figure 2. Test Chamber
electric power through watertight feedthrough bushings. Inlet
and outlet water temperatures were monitored to verify power Power dissipation tests were carried out using a resistor of each
input to the test system. variety. The results of the tests are given in Table 2.

Electric power was supplied to the test resistor from a The composition resistor failed at a power input level of
0-560 volt AC/60 Hz source (variable autotransformer) capa- 18.92 kilowatts and a water flow of 15 gallons per minute. Wa-
ble of 40 kilowatts maximum power output. Design and cost ter temperature data was not accurate because the resistor failed
constraints restricted the choice of resistor types to molded before temperature data could be taken. Observation of the re-
composition (tubular) and wirewound designs, with both types sistor during the test revealed steam production on the interior
capable of dissipating approximately one kilowatt in free air. surfaces of the resistor, beginning at !! kilowatts input. At 18
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kilowatts input, steam production was intense, resulting in hot VIII of the ASME Boiler and Pressure Vessel Code. Two sup-
spots being created on the resistor due to cavitation of the cool- port pads will be used to distribute the total weight load of
ing water on the resistor surface. After approximately 45 se- 35,000 pounds. Torispherical flanged heads and Viton o-rings
conds of operation at 18.9 kilowatts, the resistor failed due to will be used to seal the vessel and welding will be performed in

a crack in the resistor body. accordance with ASME Code, Section IX. The maximum ex-
Tests of the wirewound resistor indicated that it was capa- ternal pressure for the vessel will be 30 psi.

ble of dissipating at least 22 kilowatts of power with no distress, The operating pressure for the vessel will be 85 psig, with
at water flow rates between 7.5 and 15 gallons per minute. No a MAWP of 110 psig. The relieving pressure (set pressure +

active steam production was noted, and an inspection of the re- overpressure + atmospheric pressure) will be 135 psia. Two
sistor after the tests revealed no physical damage. AS ME-stamped relief valves will be used to relieve pressure on

Results of the power tests revealed that the wirewound re- the vessel. A hydrostatic relief valve, with a set-pressure of 103
sistor design was capable of dissipating at least 22 times its psig, will have a rated capacity of 75 gpm. The steam relief
rated dissipation in air when cooled by a turbulent deionized valve, with a set-pressure of 110 psig, will have a rated capacity
water flow of at least 7.5 gallons per minute. Using this data, of 18,100 pounds/hour.
the beam load was designed using 100 series-connected resis- Based on a deionized water inlet temperature of 90 degrees
tors of equal resistance value, with each dissipating 20 kilo- F and 25 degrees F temperature rise through the vessel, the oper-

watts at full power input, and a combined dissipation of 2000 ating temperature will be 115 degrees F. The maximum temper-
kilowatts. The water flow through the pressure vessel should ature for the vessel is 350 degrees F, and is based on the satura-
be maintained between 250 and 500 gallons per minute, result- Lion temperature of steam at 135 psia.
ing in acceptable cooling water temperature rise.

The oil tank contains the mod-anode and filament power
supply load resistors, and has a volume of approximately 25 cu- V. SUMMARY
bic feet. It will contain all of the resistors and approximately
175 gallons of dielectric insulating oil. Due to the relatively We have outlined in detail the specifications and design of
low combined power dissipation level of the two loads (1475 a high-power resistive load to be used in testing klystron power
watts) and the intermittent nature of their operation, natural supplies at Argonne National Laboratory. The load simulates
convection cooling of the oil tank will be utilized, the loading conditions of the TH2089A klystron. This allowstesting and maintenance of the klystron power supplies without

I.ELECRICAL DETAILS risk of damage to the klystron tubes. Utilization aspects of the
load were presented along with design details related to person-

The beam load consists of 100 wirewound resistors con- nel safety and equipment protection.
nected in series. Each resistor has a cold resistance value of
43.2 ohms, and a free-air dissipation rating of 1000 watts. The
resulting total load resistance, assuming a 12% increase in re- VI. ACKNOWLEDGEMENTS
sistance at full power input due to the positive temperature coef-
ficient of the resistor material, will be approximately 4750 We thank J. F Bridges and H. Frischholz for discussions

ohms. which produced vital input to this project, and to C. Verdico, E.

The mod-anode load consists of ten non-inductive resistors Wallace, and D. Meyer for their efforts in building prototype

connected in series. Each resistor has a resistance value of materials and the test stand.

850k-ohms and a free-air dissipation rating of 300 watts. The
resulting total resistance is 8.5 megohms. The filament load is
a one-ohm wirewound resistor with a free-air dissipation rating VII. REFERENCES
of 1000 watts,. Both types are suitable for use in oil. [1] Thomson TH2089A Klystron Amplifier Operating Manu-

al, UTH 2089, November, 1986.

IV. MECHANICAL DETAILS [21 Technical Specification for Amplifier Tube Power Supply

The pressure vessel, fabricated from 304 stainless steel, System, Document No. 3104010202-00001, Argonne Na-

will be stamped and manufactured in accordance with section tional Laboratory.

Table 2
Resistor Dissipation Test Data

Type Flow Water Temp, °C Voltage Current Power Power

In Out AC, RMS Amps Ee! Water AT

Wire 15 gpm 24.05 29.38 552 39.8 21.97 kW 21 kW
13-ohm

7.5 gpm 24.33 34.27 552 39.8 21.97 kW 20 kW

Comp. 15 gpm 29.33 30.66 435 43.5 18.93 kW
10-ohm I I I I I 1 _
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Energy Storage Inductor for the Low Energy Booster
Resonant Power Supply System

C. Jach, SSCL, USA; A. Medvedko, S. Petrov, BINP Russia;
V. Vinnik, Y. Fishier, UETM Russia

Abstract Mode switch
The Energy Storage Inductor (ESI) is an impor- Capacitor bank E

tant part of the Low Energy Booster (LEB) Resonant Lattice magnets Storage
Power Supply System. The ESI is a 40 mH, 3400 A,
two-legged, picture frame, ONAN-cooled, linear in- Fuse
ductor, The ESI is currently under construction at
the UETM plant in Ekaterinburg (Russia) as a part of
an inter-laboratory collaborative agreement between
BINP (Russia) and SSCL (USA). This paper gives an
overview of the ESI requirements and describes the
design approach and testing methods.

Introduction
The LEB is a conventional magnet booster that

accelerates the proton beam from the Linac
(momentum 1.2 GeV/c) to an extraction momentum of
12 GeV/c for beam injection into the Medium Energy
Booster of the Superconducting Super Collider. The
LEB main magnet system contains 96 dipole and 108
quadrupole (F+D) magnets supplied in series from a
Power Supply (PS) system (see Figure 1). The main
operating cycle of the booster requires a magnetic
field variation from 0.12 T to 1.3 T (in dipole
magnets) with 10 Hz frequency. The operating cycle Power
PS system must produce a DC current of 2.2 kA, and converter nP-o241

AC current very close to sine form with the same
frequency and a 10 Hz sinewave AC current with an Figure 1. LEB Magnet Power Supply
amplitude of 1.8 kA. Network

The LEB PS system [1) will contain power
supplies connected in series with 12 resonant cells,
each having a 10 Hz resonance frequency (Figure 1). The more significant ESI performance characteristics
Each cell consists of several dipole and quadrupole are presented in Table 1. Very rigid mechanical
magnets, and a capacitor shunted by the ESI to vibration requirements also were specified.
provide a path for the DC current. Dividing the ESIDesign
resonant system into 12 resonant cells permits a The ESI consists of a core and coils inside an oil-
notable decrease in the system voltage to ground. The filled tank (see Figure 2). Radiators on the tank
ESIs are equipped with auxiliary windings connected provide a passive system of oil cooling. After
in parallel with each other. This equalizes the comparing different designs [2,3], we found that only
resonant cell parameters and, therefore, the voltage- an ESI with a closed magnetic circuit containing
to-ground distribution. An off-resonance condition distributed nonmagnetic gaps and with coils placed
in any resonant cell can be detected by monitoring around the core of the magnetic circuit can satisfy
current in the auxiliary windings. these difficult requirements.

ESI in the Resonant Cell The ESI core is made of Type 3408 anisotropic,
The principal parameters of the PS system 0.3 mm-thickness, transformer steel according to

determine the essential ESI characteristics. ESI Russian GOST 21427.1-83. The steel characteristics

current is determined from the expression: are presented in Figures 3A and 3B. The total length
of nonmagnetic gaps is 475 mm; an average cross-

J(t)-2200+1200sin(2r *lo0t, (Amp) (1) section of the core is about 0.3 square meter.

This work is supported by the DOE under contract

DE-AC35-89ER40486
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Table I. ESI Characteristics 1o0o

Characteristic a gDim Coil ICoil
____ ____#1 ~#2

Current, peak A 100 3400 \,

Current, average A - 2200 I
Current, rms A 70 2400
Fault current surge, peak A 800 4000
Voltage across terminals, V 2300 2350
RMS
Voltage to ground, RMS V 1200 1300
Coil #2 inductances mH - 40-
spread at 3400 A current 41
for all ESIs
Inductance nonlinearity - <0.01

Turns ratio coil #1/coil 1:1
#2 ____I / _

Coupling coefficient - >0.95 Gam
Hottest spot coil Cels. <60 <60 Yoke SKI

temperature rise above deg.
ambient I I

(*) The inductance nonlinearity is:
N=[L3400A - L 1 700AJ/L3400A (2)

The stored energy distribution through the ESI

active part is as follows:

a. In non-magnetic gaps, approx. 84%,

b. In the magnetic core, less than 1%
c. Elsewhere, approx. 15% 2162

This distribution of the stored energy depends upon
the physical design, as well as upon the
characteristics of the steel used. The steel has high Figure 2. ESI Construction
relative magnetic permeability (up to 70,000) in
rolling direction, and high value of saturation in- ESI Inductance Nonlinearity
duction [B(sat) approximately equal to 2 Tesla]. With The inductance was calculated with the help of the
a 3400 A current in the main coils, the average B "MAG-3D" program developed by scientists from
field in the core is 1.6 T. Since the relative magnetic BINP [4] for three-dimensional DC magnetic field
permeability for this field is 40,000, the core is not calculations. The simulations showed the mostsaturated.e imltinssowd h ms
saturated. saturated areas to be the joints between the top and
The energy distribution and the required value of bottom yoke and columns. Of the calculated -0.4%
coupling coefficient between the coils (>0.95) also nonlinearity,-0.35% was attributed to the joints.
influences the coil design. The high current coil The static inductance and its nonlinearity are
(#2) was developed as two pairs of concentric measured indirectly. It is useful here to recall the
windings on each core leg. The low current coil (#1) definitions of static and dynamic inductances, as:
is divided into two windings, with one placed on
each core leg in the space between concentric Lst" - 1 [al+b1 +cl5+dl7+ei9] (3)
windings of the high current coil. The windings are = [I
epoxy-impregnated. The weight of the coils is dw
approx. 6,000 kg. The total ESI weight (with oil) is Laya=--=a+3b[2 +5c14 +7d16 +9el8  (4)
approx. 55,000 kg.
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where: Lt, -dy, are static and dynamic inductances static inductance and its nonlinearity for DC

T is magnetic flux currents ranging from 1700 A to 3400 A.

I is dc current in the ESI Mechanical Vibration
a, b, c, d, and e, are polynomial coefficients. The level of ESI vibroactivity is dependent on

the active part vibration, and is produced by elec-
tromagnetic forces and magnetostriction forces asso-

B, T ciated with the presence of magnetic fields excited
by the AC and DC currents of the ES! coils.

. Mathematical models of EST vibroactivity were de-
veloped. The ESI active part model consisted of 28

finite elements, ES! tank with radiators of 305 ele-
1.5 /ments. Oil was considered as additional mass, and

30 -the foundation as the tank base attachment. The cal-
4. culations show that the maximum amplitude of the

S/./ oscillations will be 70 micrometers for the active
part, and 25 micrometers for the tank.

Test Results
Ti/ The ESI prototype was manufactured at the UETM
./ plant (Ekaterinburg, Russia) and was tested in

0. L February, 1993. This unit satisfied all specified0.0

1 2 4 6 to 20 40 60 100 200 4W 1000 2000 1oooo requirements. Results of some of the tests are:H,A/1m

Figure 3A. B/H Curves for 3408-Type Steel in a. Static inductance - 40.667 mH

Measuring Under Different Angles in Steel b. Static inductance nonlinearity - 0.0092
Rolling Direction c. "oupling coefficient - 0.97

_ _/_ _ _d. Vibration Level - 40 micrometers at the
nominal current excitation

60000 Manufacturing Plan
All ESIs will be manufactured during 1993 and

delivered to the SSCL site no later than January
4 a000 1994.
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A High Power Water Cooled Resistor
For the High Voltage Power Supply

in the TRIUMF RF System

K. Jensen, G. Blaker, R. Kuramoto
TRIUMF, Vancouver, B.C., Canada V6T 2A3

Abstract The power supply operates at a nominal 20 kV. and draws
-The Triumf RF system high voltage power supply requires 65 amps. In this state each resistor must dissipate 2.1 kW

0.5 ohm current limiting resistors to protect amplifier continuously. During a crowbar event the power dissipation
components during transients and crowbar operations. The spikes to 128 MW per resistor, then settles back to 8 MW for
crowbar typically causes a 16,000 amp transient pulse, 55 ms. before ramping down. Figure 2 shows an
followed by a 4,000 amp current for 55 ms until the circuit oscilloscope trace of the peak output current during a
breaker opens. The resulting stresses produced catastrophic crowbar. Figure 3 shows the output current for the duration of
failure of the original design within 100 crowbar cycles. A the 55 ms until the circuit breaker opens. This type of
new resistor design has been developed to improve heat operation puts extreme stress on the power supply
transfer characteristics and reduce current densities. Design components and has resulted in numerous failures. Crowbars
changes were evaluated during extensive testing of a full occur on an average of ten per month with resistor failure
scale model. The test results are reported with the resulting recorded in as little as two crowbars.
design described in detail.

C.I A 1us. 84.441U EXTI

I. INTRODUCTION
Continental Electronics supplied the high voltage power • .. ,. -

supply for the main cyclotron RF system with four water-
cooled resistors in its circuit. The resistors are used as
current limiting devices, and serve to protect other power
supply components and the power amplifiers from current ...

transients. This circuit is shown in Figure 1. RlO limits the
current that charges the capacitor banks after the initial
charging period when energizing the power supply. R58 and
R59 act as current limiting devices for the amplifiers, as well
as limiting the crowbar current through the ignitron tube. f I ,
R60 does not see any crowbar current, and simply limitscurrent to the amplifiers. Figure 2. Peak current during a crowbar.

curn tCalibration is -0.00052 V/A
RIO R5 M R60

0.50 0.5cla.5 0.50 C13 C14 C15 0 c 5 I V o5 ,M OWL A I. 5.0A v VENT

CU C14 C-5 U -+-__......_____.....__

1& I W I
_ 0 121 01l29

fTRIGGER SIGNAL

Figure 1. Simplified Schematic of Power Supply....

Figure 3. Power supply current for duration of crowbar.
The resistors were supplied as Nichrome wire wound on an Calibration is 0.005 V/A

epoxy glass GlO core. Bifilar winding was used to reduce the
inductance of the 200 in. long wire used. The wound core There are no cases of resistor failure not associated with a
measures 22.75 in. long and is housed inside a 3.0 in. dia. crowbar event. However, the crowbar current limiting
pipe. Water was supplied to the resistors via 1 inch flcxible resistors were not the only ones to fail. The resistor limiting
plastic hoses at 17 USG PM and 55 psig, with the water current to the capacitor banks, RIO, often failed in dramatic
connections in series. fashion.
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II. HISTORY estimated to be 100 to .150 square inches. The
There were two distinctly different forms of resistor failure corresponding peak current distribution is 160,000 amps per

exhibited, passive failure where the winding simply melted to square inch, assuming maximum contact has been achieved.
produce an open circuit, and catastrophic failure where the
resistor exploded. The passive failure could be attributed to The exact effect these conditions produce is difficult if not
overloading of the resistive wire or insufficient cooling, impossible to predict. However, what is clear to see is the
There is no evidence to indicate if the effect developed wire melted at the connections and the core scorched where
gradually or rapidly. the wire has been burned away when a resistor fails. A new

connection method was required. Previous efforts to form a
The catastrophic failure was clearly a case of instantaneous fused connection with various soldering techniques had met

pressure surge. The one inch thick PVC flange would often with failure. This combined with concerns about altering the
shatter while the flexible line 4 inches away would remain wire's characteristics with the application of heat and a desire
intact. The pressure relief valve located 12 inches away and to keep assembly and repair as simple as possible produced a
set to 125 psi. never tripped yet the force to break the PVC design requirement that the connection maintain a clamped
flange required an internal pressure of 2000 psi. Thus the configuration.
event that would cause the resistor housing to explode must
have been a dynamic blast, possibly caused by Several different connection techniques were evaluated
instantaneous boiling of cooling water into superheated with consideration given to area of contact, ease of
steam. The effects of this blast were absorbed within a very manufacture and assembly. The new design is referred to as
localized area. This would account for explosive failure of the connection pod. It resembles a one inch diameter copper
stronger materials while adjacent, weaker materials did not bullet with two inches of each wire inlaid at the center. This
even yield. provides four to five times more surface area for electrical

contact and a more predictable path of current flow. In the
In the 12 month period before the new design was old design there was a potential for one wire to carry the

implemented there were seven resistor failures recorded. current of both, resulting in overload and failure.
This accounted for approximately 22 hours of lost beam time
which was 13% of the RF total for the year. IV. HEAT TRANSFER

In the heat generation analysis we found the nut and bolt
III. HEAT GENERATION connection to be the main problem source. The method

Investigation of the failures included a reconstruction of a provided inconsistent electrical contact area at the bolt, but
shattered housing to determine the location of the center of its major drawback was the poor coolant flow around the
the explosion. This confirmed our suspicions that the source joint. Figure 5 shows how the flow is divided into six
of the problem was the termination point where the core passages by the core fins. Entrance to these passages is
winding was connected to the terminal plate. The joint impeded by the stems of the copper terminal plate.
consists of two sections of Nichrome wire, approximately CONNECTION STEM
.080" dia. , wrapped under the head of a bolt which
compresses the wire against a copper conductor. The CORE FIN "

conductor is attached to the terminal plate by a small copper. BYPAS
angle. The terminal plate consists of a 0.250" thick copper TuBE
plate with cutouts for coolant flow. 0 0

TERMNL 
! 

L -- CNCTN

PTER r CONETININSULATING ( WINDINGPLATE-ROD

Figure 5. Coolant Passages in old design

The critical passage contains the wire connections which
produce the highest temperatures. It also is one of two

-•L passages where the bifilar windings cross. This not only
concentrates the heat sources but the windings are separated

Figure 4. Original Resistor Design with an insulating rod which further restricts coolant flow.

The connection problems are related to current density. Another complication comes in the form of stand offsWith peak currents reaching 16,000 amp. the contact area which center the core within the housing. Two of these are
Wiovedth pea cnurrients r heain 16,000maximp contact area w located in the critical passage. Thus we have a design with
proved to be insufficient. The maximum contact area with a

single wrap of wire under the head of a 1/4-20 NC bolt is the major sources of heat combined in a passage with all of
the restrictions to flow.

1301



One last complication comes from the fact that the center of C I N N [ C T N W IN D IN IG
the winding core was designed to provide a bypass tube to POID3 -,

allow some of the coolant to miss the resistor windings. This STEM
was done because the resistor's coolant flows in series and the
designers presumably were trying to ensure a good supply of
fresh coolant reached the downstream resistors. This bypass
may work too well at providing a low resistance route for the
water. It is estimated that a mere eight percent of the coolant
actually passes through the critical passage. That translates CEORE FIN

into less than 1.5 USG PM. flow of a fluid corrupted by

cavitation and stagnant sections. The best flow occurs in the
passages that only have to cool the windings, not the Figure 7. Coolant Passages in new design
connections. These three passages receive 16 USG PM. The pod is split at the centerline and clamped with three

Connector designs were evaluated for restriction to flow fasteners. This provides simple removal and reassembly

generation of turbulence, cavitation and even distribution ojf without solder. The top pod half encloses half of the wire

coolant in an effort to maximize heat transfer capability, while the remainder is laid in the bottom pod. A great deal of

Since there is a connection at both ends of the resistor the care is required to fit the wires into the pod halves. We were

design must flow well in both directions. The result was a able to limit the pod center gap to a maximum of .0015 inch

series of design changes including; on assembly. Several techniques to eliminate the gap were

- Removing the connection from within the resistor body. tested including using a displaceable soft metal filler such as

- Blocking the central bypass tube. Indium. We found that the small improvement they offered

- Reducing winding support fins from 1/4" to 1/8" thick. did not justify the additional complication. The carefully

- Eliminating the winding separator rods. fitted wire and pod connector suits the design requirements of

- Eliminating the core stand offs. good contact and ease of reassembly.

- Reducing the number of stems on the copper terminal
plate from six to two. With these changes we eliminated the resistor as the

- Aligning the remaining stems with the core fins. limiting factor in the heat transfer equation. The resistors will
- Reducing the winding diameter to increase the now flow all of the water that the system can supply. The one

clearance from resistor wall. inch supply line was upgraded to two inches which, when
The final design is shown in figures 6 and 7. limited to 10 ft/sec to avoid cavitation, offers a supply

potential of 98 USG PM. The flow to the resistors is
regulated to 90 USG PM. at 65 psi.

WINDING The new resistor is capable of absorbing large power

surges by distributing the effects over a large volume and
/ /7/ • removing the resulting heat with high efficiency and capacity.

Under steady state conditions the cooling system keeps the
resistor at the water supply temperature. When a crowbar
occurs local temperatures will rise but they will be kept below

-- •-A. destructive levels and quickly returned to the supply
temperature. The oversized cooling capacity will also

/ .r / / •\ NNN eliminate the possibility of gradual overheating and resultant
deterioration of the nichrome wire during steady state

CONNECTION PODY operation. We have also virtually eliminated air pockets,
bubbles and cavitation in the resistors to remove the explosive
potential.

Figure 6. New Resistor Design In the seven months since the new resistors were installed

there have been approximately 90 crowbars with no resistor
The final bullet shape of the connecting pod was found to failures or related RF down time.

produce the least disturbance in the coolant flow, resulting in
an even flow with no stagnant sections. It provides a
substantial thermal mass to absorb surges and distribute the V. ACKNOWLEDGMENT
heat flux, thereby reducing surface temperatures. The The authors wish to recognize Josef Holek and Gus
resulting large surface area greatly improves heat transfer to Mannes. whose assistance during testing and input during the
the coolant, further reducing temperatures. design evaluation process was invaluable.
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Filament Power Supply Improvement of the TRIUMF RF System

Amiya Kumar Mitra and Joseph J. Lu
TRIUMF

4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3.

Abstract been designed. This circuit only controls the conduction angle
of one phase. The second phase is always connected and the

The TRIUMF rf system, ope'-ting at a fixed frequency of third phase is turned on after a fixed delay, with SCR's acting
23.06 MHz, employý four push-pull power amplifiers using as a switch. An alternate scheme using a power supply with
eight EIMAC 4CW250,000 tetrodes. The filament power series resistors in the primary of the transformer was used as
supplies for the above tetrodes uses simplified 3 phase SCR a quick interim solution.
control circuits to slowly ramp up the output voltage. Failure 11. POWER SUPPLY REQUIREMENTS
of SCR's during ramping and also during power bumps has
been a source of rf downtime. A new SCR control scheme
has been developed and tested which relies on the fact that The filament power supply for the EIMAC 4CW250,000

the secondary output voltage from a 3 phase transformer will must fulfill the following requirements:

be 57.7 % of it's rated output voltage if only two phases of the
primary are connected . In this scheme, one phase is Rated maximum output voltage:11.5 V dc.

connected direct!y and the second phase is connected through Rated maximum output current: 900 Amps.

two SCR's of which the conduction angle is controlled by a Maximum surge current must be limited to 1800 Amps.

slow ramp. The third phase is initially blocked by two SCR's The maximum in-rush current of the 440 V ac circuit breaker
which are turned on fully after a fixed delay thereby limiting should not exceed 15 Amps.

the surge current of the filament during start up. A greatly
simplified firing circuit and smaller number of components III. F

T ,'GLE PHASE CONTROLLER
has improved the reliability and the performance of such a
power supply. Also, an alternate scheme of a power supply The single phase controller uses two SCR's, SCRI and
with series resistors in the primary of the transformer is SCR2, back to back of which the conduction angle is
described, controlled by a ramp voltage such that in about 20 seconds

57 % of t"e rated filament output voltage is gradually

I. INTRODUCTION established. This is due to the fact that when only two phases
of a three phase transformer are energized 0.577 of the

The TRIUMF rf system [1] and [2] operates at a fixed nominal output voltage is obtained. The filament is heated

frequency of 23.06 MHz with a power capability of 1.8 MW. under this voltage for about 20 seconds, it's resistance rises

Four push-pull power amplifiers employing eight EIMAC
4CW250,000 tetrodes generate the required power. Since the
cold resistance of the filament is much smaller than the
no;ninal resistance (11.5 V/ 900 Amps). slow ramping of the
output voltage of the filament power supply is needed to limit +
the surge current to its rated value. The original power 30 -0

supply uses three phase transformer, full wave rectifier, choke B T DC
and filter capacitor to produce the required rated dc voltage SW RECM
and current. It employs one SCR and one diode back to back ,SMRY

in each phase in the primary of the transformer. It means c a-V-(
only half of the cycle is controlled. Small unbalances among
the trigger signals in three phases may trip off the AC 04
circuit breaker or even damage the SCR's during the ramp up SCR14 ARE 16120
period. Many hours of beam time was lost due to the N-• ARE 5 On, 5w

malfunction of these power supplies. Also, repairing of these N cA's ARE 0 .lu, 1Kv

power supplies was time consuming due to the fact that
various voltages and time constants in the firing circuit of the 12
SCR's had to be set precisely to obtain balanced triggering for
all the SCR's. Various options for the filament power
supplies were considered and a new SCR control circuit has Figure 1. Basic scheme of the single phase SCR controller.
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to nearly 80 % of it's rated value. The third phase is then L"
fully turned on by switching on SCR3 and SCR4 to achieve
the full rated output voltage and the surge current is limited
to 1.25 times the nominal filament current of 670 Amps.

Figure 1 shows the basic scheme of the single phase SCR
controlled circuit. T2 is a 480 to 30 Volt transformer which
provides 1): the phase reference for the control circuit, and
2): the ac source for the controller's dc supplies.

Circuit Description 2 ra 47d

Figure 2 is the block diagram of the system which 5M
consists mainly of a dc supply for the controller, a ramp L(- 6 V JUL

generator, a 20 kHz oscillator, firing angle control circuit
three trigger drivers and a counter to provide 20 or 40 W- A , "7
seconds delay. The system is constructed on two circuit -Oy
boards. The ramping board consists of the dc supply, the 1
ramp generator and the 20 kHz oscillator and the firing
board consists of the rest of the building blocks.

Figure 3. Schematic of ramping board.

RAMP BO0M
The firing circuit, shown in figure 4, provides trigger

-20 xhz signal for all the four SCR's. The output of the integrator IC1,

SEOSCIATOR which is 90 degrees leading from the sample input of phase
UL lTA, is compared with the ramp voltage. For the positive half

cycle of the input phase, when the output of ICl is lower
than the ramp voltage, the output of IC3 will go high
enabling Q1 to amplify the 20 kHz signal. This signal is
rectified by D9 as the trigger signal for SCR1. Therefore, as

A 9~f •"A the reference voltage ramps from -10 volts to 11 volts, the
conduction angle of SCRI gradually increases from zero to
full conduction. For the negative half cycles of the same
phase, IC2, IC4 and Q2 generate the trigger signal for SCR2.
Since the third phase is fully blocked during this period, a

20 SION • little unbalance in trigger signal will not cause large current
U3 in one phase to trip off the AC circuit breaker or to damage

the SCR's,
M DA• • The 20 second time delay for firing SCR3 and SCR4 is

obtained from the 12 bit counter IC6. The counter is
Figure 2. Block diagram of single phase controller, constantly reset till the output at IC4 goes to a steady high.

The ramping board circuit is shown in figure 3. The 20 After 20 seconds of counting, QM of IC6 goes high,
kHz s mignal isroaducd by th on 55 t ime r e 3 .i'output is disabling the clock so that QM remains high. Q4 is thenkHz signal is produced by the 555 timer IC3. it's otuisenabled and amplifies the 20 KHz signal to provide the

amplified by the emitter follower Q1 to provide adequate enable for the 20 SCR4.

drive power for the trigger. C7 is a power up reset capacitor firing voltage for SCR3 and SCR4.

to prevent unwanted SCR triggering when the power is
turned on but the control is not yet established . The ramp IV. SERIES RESISTOR CIRCUIT
voltage of -10 to +11 V is generated by charging up CIO
slowly with negative pulses produced by IC4 and Q2 and is This type of filament power supply evolved as a standby
available at the emitter follower output of Q4. The ramp slope emergency solution when the old 3 phase 3 SCR controlled
can be adjusted by varying the value of resistor PT1. Diode power supplies failed. This configuration is shown in figure 5
D7 is to prevent the capacitor CIO from discharging when 02 where three 16 ohm resistors are provided by cooking range
is off. D9 discharges CIO when control power is off. This elements, and are connected in series with the primary of the
ensures that the ramping voltage will start from -10 Volts transformer to limit the initial surge current as the 480 Volts
every time the power supply is turned on. ac source is turned on.
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Figure 4. Schematic of firing board.

A time delay relay provides a delay of 20 seconds to allow
the filament to reach about 80 % of its resistance and the IV. CONCLUSIONS
series resistors are then bypassed. In case of power bump or
loss of mains, the time delay relay restarts. The resistors are The newly developed single phase controller has worked
mounted in a box outside the filament power supply housing for a period of six months without any failure. At present all
and provision is made such that after the filament has the eight filament power supplies are being modikied with
reached it's rated voltage and current, the resistor box can be this new type of soft start circuit.
disconnected from the power supply and used for another
supply. V. ACKNOWLEDGMENTS

The authors wish to thank Roger Poirier for encouraging
the development of such power supplies. Thanks are also to
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Advances in the Development of the Nested High Voltage Generator

R.J. Adler and R.J. Richter-Sand

North Star Research Corporation,
9931 Lomas, NE, Albuquerque, NM, 87108

I.Introduction II. Description of Nested High Voltage

The Nested High Voltage Generator (NHVG) is a There are two critical generic questions in the design
high voltage accelerator/power supply topology which can of a high voltage, high power acceletator--how do you insulate
potentially satisfy a variety of requirements for a compact, the voltage ? and how do you get the power required into the
reliable inexpensive DC accelerator in the 0.25 - 10 MeV high voltage system? Traditional DC systems include the
range. Applications for this technology include the generation Insulated Core Transformer (ICT), the Van de Graaf or
of high voltage, high current pulsed electron beams for Pelletron, the Cockroft Walton, and the Dynamitron. These
microwave generation, the sterilization of medical products, systems all use gas (typically SF,) insulation and they have
the curing of polymers, and the sterilization of medical waste. varying power supply systems including electrostatic charge
This technology has recently been demonstrated in an motion (Pelletrons/Van de Gaafs), capacitive coupling
accelerator which has operated at 500 kV with an electron (Dynamitron), conventional transformer cores (Insulated core
beam in a 36 inch long, 17 inch diameter device, transformer), and voltage multipliers (Cockroft-Walton).

500 The primary motivation for the development of the
NHVG was the requirement to significantly reduce the size of

10o a DC accelerator, and the primary means of reducing the size
3s0 was to use solid insulation in order to decrease the diameter of

300 the machine. The fundamental problem of solid insulation is
4 0 that as the voltage increases, the allowable electric field for
20 insulation drops. This is illustrated by the standard data
150 shown in Figure 12, . The straight line of Figure 1 shows the
100 insulation trend if the voltage across a single insulator is
50 rigidly subdivided.

10 20 30 40 50 The NHV concept is that the only way that the
"ThN"ESS (MlLS) voltage can only be subdivided uniformly without voltage

concentration in a fault mode is to split the high voltage
insu1laximum votagness arom fueHandbonof structure into nested Faraday Cages in which each one has it's

insulatincthicalEnineess. fown power source. The power is supplied to the Faraday
for Electrical Engineers, cages by allowing azimuthal electric fields (axial magnetic

fields) into the individual cages. In this embodiment, the
In this paper, we briefly describe the technology, and NHVG is a distributed air core switching transformer with

the operation of 3 machines built since the initial discussion each coil/power supply coupled to it's own insulation.
of the technology in the 1991 Particle Accelerator Conference
Proceedings'. The operation of a machine at up to 500 kV An intrinsic advantage of the NHVG relative to other
and 83 % efficiency has been demonstrated, and is particularly DC generators is the way that the segmented voltage system
noteworthy. affects the behavior of the system components in case of a

fault mode as shown in Figure 3. Because each vacuum
interface (hatched element in the figure) is associated with it's
own capacitance, and there is no other total system
capacitance, the voltage in a fault does not exceed the ambient
voltage. In DC accelerators, spark gaps are placed along the
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Figuie 2.. Detailed schematic of the PET NHVG negative ions. l )Primary winding 2)Secondary winding
3) Voltage multiplier 4)Conducting shell 4)lnsulator 6)Conductor 7)Grading ring 8) Vacuum insulators 9)Ion
Source 12)S tripping foil.

column to prevent voltage transients from building up, but NHVG CONVENTIONAL DC

even with spark gaps, components arc subjected to 3 time the I

~~A(DOVN O IFDPAWWNI

The most common machine fault modes involve i ViA w igs V,,niSL.LwTOPS

flashover along the insulators, and we have designed the /JE 7)GradingRVin.TA cuu isl tor•Vo. Jh

accelerator with resistance between the nested conductors and V

the associated vacuum electrode. This means that almost all
of the stored energy is dissipated in resistors in the case of a

fault. _ __

A typical cross-section of an NDC VG is shown in3
Figure 2. Insulation is provided in the radial direction by accel..erators inh aVfaltag mode The
multiple layers of high dielectric strength film, and in the axial NHVO flm e LAg OeS

direction by a combination of plastic film or sheet, and ece h prtn otg.TeD
dielectric fluid (oil). All films are impregnated with thin aclrtr ssbett xrm vr
layers of this fluid. The potentials of each stage are defined voltage.

by axial, cylindrical, conducting metal sheets which form the
outer and inner boundary of each stage. These sheets are
terminated on the ends by spiral conductors which are used to
connect the grading rings on the insulator stack to the
cylindrical metal sheets. No electrical connections are made
between stages except by the conducting sheets.
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III. Existing Accelerators beams up to 200 kV using a Cockroft-Walton type power
system. We believe, based on the test data from this device,

Work on this concept has been supported by a that MeV level accelerators can be built with diameters of 4

number of agencies. In the work of reference 1, an I I inch inches. This work was supported by the National Science
diameter, 30 inch long device with I cm. of total radial Foundation.
insulation was operated at 150 kV. Since the writing of that
article, that device has been operated at up to 300 kV. Three 300 kV Pulsed Beam Accelerator
other devices have also been operated.

A 300 kV device has been built to test operation of
500 kV Tandem Accelerator the NHVG in DC operation with grid controlled pulsed beam

extraction. In operation with a ceramic accelerating column
A 500 kV tandem accelerator has been built and and a dispenser cathode, beams with currents of up to 80

tested at full voltage (albeit with an electron rather than ion amperes were accelerated for 200 ns. pulses at repetition rates
beam load). That device was designed for Positron Emission of up to 200 Hz. This type of power system is capable of
Tomography applications and has been operated successfully operation at repetition rates up to 10 kHz. depending on the
to test the sterilization of medical products under contract to details of grid dissipation and the prime power system.
a major medical manufacturer.

Systems of this type have been designed to operate at
The efficiency of the 500 kV NHVG has been tested I kA and 200 Hz. with 200 ns. pulses for applications to linear

at low powers and is found to be as high as 83 % in operation colliders, and at 100 amperes and 5 kHz. with application to
at 60 kV. This level of efficiency is expected to scale to high power microwave generation. Work in this area has been
much higher powers. The distributed air core transformer can funded by the Department of Energy and the US Army
be very efficient. Both solid state and tube based power Research Laboratory.
supplies have been used in testing this device.

IV. Conclusions

A unique feature of the NHVG is the ease with which
power can be supplied to the terminal of the device by The NHVG has been demonstrated to be both
providing primary/secondary combinations tuned to different versatile and useful. To date, with 4 accelerators tested, we

frequencies. We demonstrated this on the 500 kV NIIVG in have experienced no problems with dielectric breakdown. The
electron beam mode. NHIVG principle will allow a new class of inexpensive DC

accelerators to be used in a variety of industrial and research

200 kV Accelerator for Well Logging applications.

A 200 kV device with a 4 inch diameter has been
successfully tested at NSRC. This device accelerated electron
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High-Power Klystron Modulator Using a Pulse-Forming Line and
Magnetic Switch

Mitsuo Akemoto and Seishi Takeda
KEK, National Laboratory for High Energy Physics

Oho 1-1, Tsukuba, Ibaraki 305, Japan

Abstract and size. (2) A low output impedance is preferable for short rise
and fall times.

A new type of klystron modulator has been developed for Table 1
the Japan Linear Collider. It consists of a pulse-forming line Specifications of the X-band klystron modulator
(PFL), a pulse transformer and a magnetic switch. In order to Output pulse voltage 600 kV

realize a compact modulator, a triplate strip transmission line Output pulse current 1200 A
Output impedance 500 f0 ± 16%

using deionized water as a dielectric was adapted for the PFL. Pulse rise time 150 ns
A preliminary test has shown that an output pulse with a peak Pulse length(flar-top) 400 ns
voltage of 600 kV, a pulse length (flat-top) of 460 ns and a rise Pulse height deviation from flatness < ±1.0%
time of 153 ns can be generated for a dummy load with an Pulse repetition rate 50 pps
impedance of 500 (•. A simplified diagram of the whole modulator system is

I. INTRODUCTION shown in Figure 1. This system consists of a 10 kV dc power
supply controlled by SCRs, a capacitor bank, a two-stage

In the rf system of the Japan Linear Collider (JLC), X-band saturable reactor, a water-filled PFL and a pulse transformer. A

klystrons with a peak rf power of 100 MW-class and a pulse pulse triggered by the GTO switch is transferred from CI to the

width of 400 ns, and their modulators are necessary to obtain PFL by increasing the voltage through the 1:8 pulse

the designed accelerating gradient of 100 MV/in [1]. Since the transformer. The pulse is finally transferred from the PFL to a

pulse width for the X-band is particularly short, short rise and klystron load through the 1:15 pulse transformer.

fall times are required for the modulator in order to obtain high MAGNETIC MAGNETIC
efficiency. Moreover, a high-reliability modulator of compact SWITCH SWITCH

size is necessary, since JLC is a large-scale accelerator system G L • _-_S

with - 3,600 klystrons. For X-band klystrons of the JLC [2], a DC KYkV ) 00 .N

conventional modulator using a thyratron and a pulse-forming POWER M L
SUPPL C1 PFL5000

network (PFN) has been developed [3]. However, it is difficult SPLY Co 2.2
for this PFN-type modulator to realize these requirements. (SCRI

Especially, the lifetime of the thyratron is a serious problem for DISCHARGE UNIT
stable operation of JLC. The modulator using all-solid-state
components provides the nearly endless lifetime. An all-solid- Figure 1. Simplified diagram of the all-solid-state klystron
state modulator prototype has been designed, and a discharge modulator.
unit has been constructed. In this paper, the design,
specifications and results of performance tests of the discharge B. Pulse-Forming Line
unit are described.

A triplate strip transmission line, which is a simple structure
II. DESIGN and can be made easily, was adapted for the PFL, and

deionized water was used as a dielectric. Figure 2 shows the
A. Specification cross section of the PFL. The impedance Z of this PFL is given

Table I gives the specifications of the X-band klystron by

modulator. The output impedance of the modulator depends on 377 d
the micro-perveance of the klystron. Although the impedance of 2 -1 w
the prototype X-band klystron is on the range of 1-2.5 k.l, the
impedance of the modulator was designed to be 500 fl, where Er is the dielectric constant, d is the spacing between
considering the following points: (1) The modulator system of lines and w is the width. The spacing d was determined to be
that a single modulator provides power to more than two 12 mm by assuming that the limitation of the electric field
klystrons is one of the suitable methods to reduce both the cost strength is 12 kV/mm in deionized water. The width w was
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determined to be 140 mm by giving d=12 mm, Er= 7 6 .8 (at the volt-seconds production for the switch must be 0.084 v-s.
30 0C) and Z=1.848 Q. The line length L of the PFL was To achieve the required output rise time, the saturated
determined by inductance of the switch should be less than 120nH. The core

size of the switch was calculated by the following equation:
L T-c

=2- v-s = N. AB- A

where T is the pulse length of the PFL and c is the speed of light Lm = A- N2 h In(re

in vacuum. The line length L was determined to be 12 m by 2jr Tr.)

giving T=700 ns and c=3.Ox 108 m/s. where

t G• 6 rI t
U -V-S = volt-seconds production for the switch

TUNING PLATE 541- N = number of turns around the core
A = cross-sectional area of the magnetic core
AB = total magnetic flux density swing of the

magnetic core

Lsat = saturated switch inductance
ELECTRODE -

t sat = permeability of free space multiplied by
the relative permeability of the core

GROUND I when saturated
ELECIROOE

h = axial length of the core in magnetic
switch

RASE PLATE ro = outer rndius of magnetic core
ri = inner radius of magnetic core.

Figure 2. Cross section of the PFL. For the core material of the magnetic switch, a Fe

amorphous AC 10 ( TDK Ltd Co.), which has a high magnetic
The structure of the PFL has one high-voltage electrode flux density swing of 2.1 T was chosen to reduce the size of the

between two ground electrodes as shown in Figure 2. These magnetic switch. The relative unsaturated and saturated
electrodes are made of stainless steel. In order to realize a permeabilities of the core are 2.0 and 2000, respectively. The
compact PFL, the line is bent eleven times. Moreover, plastic core comprises 8 smaller subcores. Each subcore is wound
plates are inserted between the high-voltage and ground from a 22 gim thick, 48 mm wide amorphous ribbon and a 4
electrodes in each of straight lines. This mechanism enables us lim thick, 52 mm wide PET film with a heat-transfer coefficient
to adjust the impedance of the PFL as well as the flat-top of the of 200 W/m 2 K. The saturated switch inductance was estimated
output waveform. Two ground electrodes are mounted on a to be 110 nH. The parameters of the magnetic switch are
stainless steel base plate. This assembly is housed in 1260 mm summarized in Table 3.
wide x 660 mm deep x 390 mm high water box made of
stainless steel. The parameters of the PFL are summarized in Table 3
Table 2. Parameters of the magnetic switch

Table 2 Number of turns I
Parameters of the PFL Outer radius of the magnetic core 230 mm

Line length 12 m Inner radius of the magnetic core 130 mm
Characteristic impedance 2.2 C1 ± 16% Axial height of the core in the magnetic switch 384 mm
Pulse length 700 ns (eight cores used with h=48 mm)
Width of the high-voltage electrode 140 mm
Width of the ground electrode 200 mm D. Pulse Transformer
Thickness of the high-volage electrode 6 mm
Gap between the high-voltage and the ground 12 mm
electrodes To generate a square-wave pulse, we must design a pulse

transformer with a low stray capacitance and leakage
C. Magnetic Switch inductance. The core comprises 3 subcores, which is the same

core used in the magnetic switch. The primary and secondary
The magnetic switch was designed by setting the allowable windings of the pulse transformer comprise one turn and fifteen

range for the switch volt-seconds production and the saturated turns, respectively. The leakage inductance and stray
inductance. From the charging voltage waveform of the PFL,
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capacitance that were referred to regarding the high-voltage side B. Power Efficiency and Loss Analysis
were estimated to be 17.5 tgtH and 134 pF, respectively.

The power efficiency of the modulator is very important for
III. PERFORMANCE TEST the application of a large-scale modulator system. The power

efficiency of the modulator in this experiment was estimated
A preliminary test of the discharge unit was performed in form the input power at the primary capacitor and output power

order to confirm the performance of this modulator. Figure 3 at the dummy load. The result was 82%.
shows the test circuit. The impedance of the dummy load was The power losses of the modulator were mainly due to

set at 500 12. magnetic core losses, as well as resistive and Joule losses of the
PFL. These losses under this condition could be calculated, and

MAGNETIC are summarized in Table 4. The calculated power efficiency was
10pH SWITCH A82% from an initial stored energy of I/2CV2 = 563 Joules; there

was good agreement between the calculation and the

0DUMMY experiment.
Table 4

Energy losses of the modulator

Components J/pulse %PULSE
TRANSFORMER Magnetic Switch 30 29

I:15 PFL resistive losses 42 41

Figure 3. Test circuit. joules losses 19 18

Pulse Transformer 12 12

A. Output Pulse Waveform Total energy losses 103 100

After the primary capacitor was charged to 82 kV, a gap IV. SUMMARY
switch for an initial switch was triggered to charge the PFL.
The input and output voltage waveforms were measured by low A compact klystron modulator using a PFL, a pulse
inductance high-voltage dividers, and the current was measured transformer and a magnetic switch has been developed for the
by a Rogowski coil. Figure 4 shows the output pulse JLC. From performance tests, this modulator should enable us
waveforms. to generate an output pulse with a peak voltage of 600 kV, a

pulse length (flat-top) of 460 ns and a rise time of 153 ns for a
dummy load with an impedance of 500 1. The improvements
of the pulse transformer are now under way to obtain a good
flatness.
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A Compact Modulator for RF Source Development *

J. D. Ivers, G. S. Kerslick, J. A. Nation and L. Schiichter
Laboratory of Plasma Studies and School of Electrical Engineering

Cornell University, Ithaca, NY 14853 USA

Abstract transformer module are shown schematically in fig. 1.

A compact, low repetition rate, pulse modulator is
being developed for use as a driver in high power mi-
crowave experiments. A single stage of the modulator con- 10
sists of a 16 Q? pulse forming network in a Blumlein con- folly -W 0 _ 9_
figuration driving a 3:1 coaxial ferrite loaded pulse trans- - CIOI
former. The output of the transformer is a 100 kV, 150 ns 10 T;11 T " "
(FWHM) pulse, with a 70 ns flat top (±1.0%), into a U?3 Z5 jtC
matched load. A second device, driven with a different t NVc• •NlMWh W -
pulse line, gives a 130as flat top pulse. To obtain the flat A I BMflA l nIX.q

top requires tuning with a reactive circuit in the trans-5
former primary. We plan to stack transformer modules in
series to obtain a 500kV, lkA modulator. A second stage Fig 1. Coaxial pulse transformer module.
is currently being built and various stacking techniques
are being investigated. Two pulse lines have been used in the present work. The

first h is a maximum energy storage of 12 J and uses
24,40 kV, 570 pF capacitors. The inductance per stage

I. INTRODUCTION is 40 nH and the line impedance nominally 16 Q. The
full width, half maximum pulse duration is 150 ns and
the line delivers, when properly tuned a 75 ns flat top

A compact, pulse modulator is being developed for pulse into a matched load. The line is mounted inside
use in high power laboratory microwave experiments. The two cylindrical pipes with the inductor on the axis. This
goal of the program is to produce a 500 kV, - 100 ns pulse arrangement reduces the effect of the stray capacitance
operating at - 1 Hz capable of driving a matched 500 Ql from the inductor to ground. The second line has twelve
load with an efficiency of greater than 50%. A number stages and a stage capacitance and inductance of 3.6nF
of designs are being considered for such a modulator [1]. and 350nH respectively. The line impedance is 18 f0 with
Early work has focused on modulators to be composed of the 250 ns FWHM pulse duration giving a 130ns fiat top
a number of 3:1 coaxial transformer modules driven by pulse into a matched load. The maximum energy stored
Blumlein pulse forming networks. The transformer uses in the Blumlein is 54J with a capacitor charge of 50kV.
a ferrite loaded coaxial cable geometry, which provides In both cases the center conductor is grounded, the op-
good coupling, and has an adequate voltage standoff to posite arrangement to that usually employed in Blumlein
meet the modulator requirements. transmission lines.

The transformer is designed to drive an electron beam III. TRANSFORMER DESIGN
in a vacuum diode immersed in an axial magnetic field.
We propose to use a ferroelectric cathode as the electron The pulse forming network drives a 3:1 ferrite loaded
source and experiments are currently in progress to test coaxial cable transformer as shown in Fig 1. The trans-
the emission characteristics of the cathode in high voltage former consists of a three turn primary with each turn
diodes. First results on the emission are reported in the connected in parallel and a three turn series connected
text. secondary. Each turn is -- 1.5 m in length and is made of

RG-8 cable. The performance of the coaxial cable trans-
II. BLU.MLEIN CHARACTERISTICS former is strongly affected by the cable capacitance, ap-

proximately 150pF for each turn. In the three to one step
up transformer the voltage across the cable is equal to

The primary pulse for the modulator is provided by the load voltage for the second turn and twice the load
an artificial Blumlein. The Blumlein and a single stage (charging) voltage for the third turn. The energy required

to charge the cables comes from the Blumlein, and the
• Work supported by USDOE and AFOSR. current flow required for the charging makes a significant

change in the output voltage. This effect is strongest in

0-7803-1203-1/93$03.00 0 1993 IEEE
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the case when the transformer is energized by the 12 J lower than the design figure.
Blumlein. The charging current is maximum during the
rise and fall times of the output pulse and hence its effects
are noted by a second harmonic contribution to the out-
put voltage. To help overcome this effect, and to obtain I EJ u
a flat output voltage pulse, the Blumlein is charged with
the center conductor tied to ground through a resistor.
In this configuration all three sections of the transformer
are initially charged to the Blumlein voltage. On puls-
ing the transformer the charge stored in the transformer

capacitance is redistributed as required by the potential
distribution along the length of the transformer. The path
for the current flow is through the lkQ ground resistor in
the Blumlein. The circuit may be tuned to obtain a flat Fig 2. Output pulse from single module of the 12 J system.
output pulse by adding a series resonant circuit in par- 23 kV/div, 50ns /div.
allel with the ground resistor as shown in figure 1. The When excited by the larger Blumlein the pulse rise
resonant frequency of the circuit is chosen to match the time and flat top durations are both increased. The flat
ringing frequency of the charging cable, and for the 12 J top duration now extends to 130ns as shown in the overlay
Blumlein is about 14MHz. The second harmonic con- of six switch self break discharges. The output pulse into
tribution to the output voltage in the second and 54 J a 500 swis seof in figes. the the pulein
Blumlein is significantly smaller for the same transformer a charged to and the cas t h Mnand has not required the tuning used and described above, was charged to 12k¢V and the 50 kV, 250 ns (FWHM)

output pulse has a 130 ns fiat top. The output voltage is
about four times the dc charging voltage on the Blumlein,
commensurate with the mismatched load. Operation of

Although the stray capacitance effect- 'n •he trans- the system with a 230 Q load gives the expected three to
former affect the pulse shape strongly, the dominant ef- one step up ratio. For the 12 kV charging voltage the
fect on the transformer performance is set by the ratio operation into the 500f0 load yields an efficiency of 42%.
of the leakage inductance in the transformer compared to
the mutual inductance. To achieve a satisfactory perfor-
mance requires that the mutual inductance be increased
by a ferrite core loading of the cables. This is achieved ENUM U E
by adding 114 ferrite rings (id.=1.27 cm, od.=2.54 cm,
1.27 cm thick) onto each length of the coaxial cable. The
total Volt-second product of each stage is then increased - - E i .
to about 4.10-3 Vs. This provides a large enough flux
swing to allow for a lOOns pulse at the 40kV rated volt-
age of the 12 J Blumlein. The cores have an initial per-
meability of about 850, a flux swing of 4300 Gauss, and
a maximum permeability of 2500. The core resistivity
is about 1.108 Q - cm allowing for good high frequency Fig 3. Output pulse from single module of the 54 J system.
operation. 12 kV/div, 50ns /div.

IV. ELECTRON BEAM GENERATION

A third transformer system, which uses a four to one
Single transformer modules have been tested on var- step up transformer and gives a 70kV output pulse (lim-

ious impedance loads and for excitation with both pulse ited by the volt-second product of the ferrite cores), has
lines. With the transformer driven by the smaller Blum- been used to test the electron emission from a ferroelectric
lein the output pulse into a 500 Q load is shown in fig. 2. cathode. This work, which is currently in progress, is be-
T!ie 100 kV, 150 ns (FWIIM) pulse has a 70 ns flat top. ing used to obtain data on the suitability of ferroelectric
The LC tuning has reduced the output voltage ripple to materials as sources for high current (-. 1 kA) electron
less than 1%. In this figure six shots have been over- beams. In this configuration the ferroelectric cathode is
laid, illustrating excellent shot-to-shot performance of the pulsed by a second artificial Blumlein, which is inductively
module, especially in view of the fact that the switch, a coupled to the ferroelectric through a one to one isolation
spark gap, was not triggered but allowed to self break. In transformer. Electron emission occurs when the ferro-
this example the Blumlein was initially charged to 33kV. electric sample (LTZ-2M in these experiments) is pulsed
Note that although the transformer gain was 3:1 the load to about IkV, with a field gradient of about 10kV/cm [2].
was mismatched and the efficiency was correspondingly
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Fig. 4 Schematic of a two Blumlein stacked pulse modulator.

V. TRANSFORMER MODULE STACKING
The 70 kV main transformer pulse is applied, in the In order to achieve the required output parameters of

present configuration, across a planar vacuum diode gap - 500kV and IkA requires that two or three transformer
which is typically 3 - 4 cm. The electron current through modules be stacked in series. We accomplished this exper-
the gap is monitored as a function of the applied voltage. imentally some time ago [31 with each transmission line
The effect of the time delay between the pulse applied to being set as an element in a Marx generator. We plan to
the ferroelectric (Vfe) and the diode gap pulse (Vd) is also attempt stacking initially with the arrangement shown in
measured. Initial results show the following: (i) Diode fig. 4. In this case the energy required to float the suc-
current pulses up to 200 A, 250 ns have been measured. cessive Blumleins comes from the lines themselves. The
(ii) If Vd is applied before V1, no significant diode current separate sections will be switched inductively as shown
(Id) is measured. (Id < 10 A). (iii) If the ferroelectric is in the figure. This arrangement is currently in satisfac-
replaced with a simple carbon cathode the measured diode tory use for the triggering of the ferroelectric cathode as
current is below the 4 A level set by noise limitations, described above. The transformer modules will be fab-

ricated on RG-218 cable to allow for the greater voltage

These initial results have been limited by the signif- hold off required in the second stage ( or third, if needed).

icant shot-to-shot variations in this experiment, and we To complete our design program we have in progress

shall be seeking to improve the performance of this ferro- work on stacking of multiple transformer stages and alsoon extending the fiat top width of the voltage output
electric diode in the future. It should be noted that the pules.

measured diode current corresponds to an emission cur-

rent density of 200 A/cm2 and is about 40 times greater VI. REFERENCES
than the emission expected on the basis of the Child-
Langmuir law. The diode voltage is limited in the cur- [1] Pulse Generators, Ed. G. Glasoe and J. Lebacqz,
rent arrangement to 70kV, with a 130ns flat top out- MIT Radiation Series, McGraw Hill 1948.
put pulse. We are also working on the construction of [2] J. D. Ivers, L. Schichter, J. A. Nation, G S. Kerslick,
a transformer with a larger volt-sec product to allow op- and R. Advani, J. Appl. Phys., 73, 2667, (1993).
eration of the module up to its design value of 150kV. [3] J. D. Ivers, and J.A. Nation, Rev. Sci. Instrum., 54,

1509, (1983).
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HIGH POWER PULSE MODULATOR FOR PLS LINAC*%

S.H. Nam, MH. Cho, J.S. Oh, S.S. Park, and W. Namkung
Pohang Accelerator Laboratory, POSTECH

P. 0. Box 125, Pohang 790-600, Korea

Abstract
Complete design, assembly, and testing of 200 MW modula- Table 1: 200-MW modulator specification

tors are in progress at Pohang Accelerator Laboratory (PAL) for Description Required Designed Tested
the full energy injection linac system of the Pohang Light Source Peak power (MW) 200 200 145
(PLS). A 150-MW pre-prototype modulator (350 kV, 3.5 is Ave. power (kW) 97 289 33
flat-top width, and 840 Q• load) has been assembled and tested 97 289 33
up to 175 MW. Design, construction, and test of a 200-MW Peak output volt. (kV) 400 400 357
prototype modulator (400kV, 4.4 gs flat-top width, 800 f load) Rep. Rate(PRR)(Hz) 10to60 180max. 30
has also been completed. Eleven units of main 200-MW modu- ESW (ps) -- 7.5 7.5
lators are under construction, and their assembly is expected to Flat-top width* (Pis) 4.4 4.4 3.0
be completed in 1993. This paper presents the design and the Charging time (ms) --- 5.76 max. 5.76
current status of performance results of 150-MW and 200-MW * less than ± 0.5 %.
modulators.

Electron beam energy of 200-MeV is actually extracted by using
I. INTRODUCTION the 200-MW modulator and 80-MW klystron unit along with a

The specification of the full energy injection linac system of 60-MeV preinjector section. The 145-MW tested power in
the PLS requires total eleven units of 200-MW modulator and Table 1 is limited by the progress of solid RF load power
80-MW klystron [1]. A 150-MW pre-prototype and a 200-MW conditioning. Full required parameter test of the 200-MW
prototype modulators are already constructed. Preliminary re- modulator at 14 Hz will be performed with a solid dummy load
sults of the 150-MW modulator is presented elsewhere [2]. that is currently in fabrication, and the result will be reported in
Currently the 150-MW modulator is installed in PLS test labo- the near future.
ratory. The 200-MW prototype modulator is installed in linac
gallery and tested up to 145-MW beam power with a 80-MW Table 2: Specification of major parts in 200-MW modulator
Toshiba klystron. Eleven main 200-MW modulator units is SCR 700A rms, 400A ave., 1.600V
under parallel construction in PAL and is expected to be com- 30 transformer 440V rms, l9kV rms, 12A rmis, 98% eff.
pleted this year. Rectifier diode 48 (1600V, 25A ave.) in series per arm.

II. MODULATOR PERFORMANCE AND Filter choke 5 H min. at 15A DC
CONFIGURATION Filter capacitor 3 (4.7 LtF.30 kV) in parallel, total 14.1 tiF

A plot of beam voltage versus E-3712 klystron RF output Charging inductor ?rima 2. H. I IA DC
power is shown in Fig. 1. The 150-MW pre-prototype modulator Seondalry 1:25 ratio. 55A DC_ 2 kV
is used to take the data shown in the figure. A Toshiba E-3712 Charging diode 80 (1600V. 95A DC) in series
klystron with an 1:17 turns ratio pulse transformer is used as a Despiking circuit L min. 14 mH at 1 A DC
load. A SLAC RF water load is installed to absorb the RF output R 2 klf
power of the klystron during the test. As shown in the figure, EOLC Diode same as charging diode
maximum 175-MW beam power (i.e., 375 kV beam voltage) is Resistor 4 (10 a 70 W) in parallel
applied to the klystron load. A peak power capability of a Thyrite 32 (275V DC. 10 W) in parallel
thyratron (ITT F-241) in the 150-MW modulator is 125-MW. PFN C total 28(50 nF. 50k)
Therefore, the tested peak beam power is much higher than the L
ITT's specification. The 150-MW modulator will be continu- L total 28 (4.5 ttH max.)
ously used for the purpose of conditioning high power klystrons. ThYratron ITT F-303
Specifications of the 200-MW modulator are listed in Table 1. Triaxial Cable Double
It shows required parameters of current PLS linac, designed Pulse Transformel 1:17 ratio, >96% efficiency
parameters for future upgrade, and tested parameters. The 200-
MW modulator test is done using a water dummy load (250 kV Fig. 2 shows a simplified circuit diagram of the 200-MW modu-
max. atlO Hz) as well as a E-3712 klystron load. Modulator test lator. In Table 2, major component specifications of the 200-
with a E-3712 klystron which is connected to the linac MW modulator are shown. The 200-MW modulator circuit can
waveguide and accelerating column is also successfully done. be divided by four major sections: charging, discharging, a pulse

transformer assembly, and a klystron load. The primary power
*Work supported by Pohang Iron & Steel Co. and Ministry of is adjusted by a phase-control system with six SCRs. To gain a

Science and Technology, Korea.
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fine DC output voltage regulation, active feedbacks of primary circuits. Low voltage controllers related to the thyratron and
AC voltage and current as well as high voltage (HV) DC are klystron is mounted on the discharging cabinet. A center metal
supplied to the SCR gate trigger unit (GTU) as shown in the Fig. plate separates the charging and discharging cabinet in order to
2. Portion of charge in the filter capacitor is resonantly trans- reduce noise coupling between the two compartments. There are
ferred to a pulse forming network (PFN) through a charging two I3NC boxes and four filter boxes in the modulator. Double
inductor and a charging diode. A De-Q'ing circuit is installed at shielded 50 C• coaxial cables and ferrite cores are used to treat
the secondary of the charging inductor to regulate a PFN charg- signals through the BNC boxes it order to reduce noise level
ing voltage. Final goal of a pulse-to-pulse beam voltage regula- during discharging. All multi-conductor signal wires coming in
tion in the 200-MW modulator is less than 0.5%. Details of the and out of the main modulator cabinet L oes through filter boxes
HV DC and beam voltage regulation results will be presented in in which EMI filters are installed. Con oletely enclosed metal
[131. Two parallel, fourteen section, type-E Guillemin networks wire ducts are also installed on the roof of the 200-MW modu-
are used in the PFN. The total PFN impedance is about 2.8 f2. lator main cabinet. Signal wires connecting to the modulator
While PFN capacitors have a fixed value, PFN inductors are circuit escape from the main cabinet as early as possible and go
variable. The inductance variation enables us to tune a flat-top through the duct to their destination. This effectively reduce the
quality of an output beam voltage pulse. An end of line clipper chance of high frequency noise coupling. In this configuration,
(EOLC) circuit is employed to remove excessive negative volt- the whole 200-MW modulator cabinet including the tank assem-
age swing on PFN capacitor- and athyratron. The thy ratron used bly is considered as one completely enclosed faraday cage. A
in the 200-MW PLS modulaitor is ITT F-303. Specifications of single point ground is effectively used for the whole modulator
the ITT F-303 thyratron are listed in Table 3. circuit. Points where grounds are connected to form loops are

isolated by means of filters and transformers.
Table 3: 200-MW thyratron (ITT F-303) specification

VI. REFERENCE
Description ITT spec. PS sec.

__________60 H-z 180 [1]. W. Namkung et al, "Progress of 2 GeV Linac,"• these pro-
Peak power (MW) 200 202 ceedings
Ave. power (kW) 200 91 273 [2]. S.H. Nam, J.S. Oh, M.H. Cho, and W. Namkung, "Prototype
Peak anode V (kV), epy 50 47 Pulse Modulator for High Power Klystron in PLS Linac,"

Peakanoe I(kA, i 158.6IEEE Conf. Records of the 20th Power Modulator Syrup.,
dib/t (A~jts) 0 1.75[3]Myrtle Beach, SC, 1992, pp. 96-99.
dib/t (A/Is) 5 1075 3].J.S. Oh, S.H. Nam, S.S. Park, M.H. Cho, and W. Namkung,

Ave. anode I (A DC) 8 in air 3.87 11.61 "200 MW Modulator for 80 MW Klystron in PLS Electron

ep12bx R 0 in ol0~2. ~l~7., Linac," to be appeared in the Ninth IEEE Pulsed Power
epy ibx PR 30 x 09 4.3x 10 728 x109 Conf., Albuquerque, NM, 1993.

pyx dib/dt x PRR --- 30 x 101 91 x 101 [4]. A.R. Donaldson, C.W. Allen, J.R. Ashton, "SLAC Modula-
tor Operation and Reliability in the SLC Era," Records of

As shown in the table, the thyratron does not have a capability Klystron-Modulator Technical Meeting, CERN, Oct. 1991.
of handling the full designed specification of the 200-MW [5]. R.B. Neal, ed., The Stanford Two-Mile Accelerator, (Q.A.
modulator. However, it can of course handle the full required Benjamin, New York, 1968).
parameters in current PLS linac. Forced air cooling is used for
the thyratron. Two triaxial cables in Parallel are used to make , -i L I .... ]...
electrical connections between the PFN and a pulse transformer.•... ..

nwersed in high voltage insulating mineral oil. The klystron load - -'I c-'creud.Cmontinheplernsrerakaria-,.. .
is placed on top of the transformer tank. The klystron impedance i _
seen at the primary of the pulse transformer is 2.8 •2. PFN ,.,ai .•
impedance is adjusted so that there is a positive mismatch (-~5 • i... . . -

%) between PFN and loi'd. The method of positive mismatching
has many advantages over negative mismatch and not signifi- • i!,a_
cantly affect thyratron recovery time [2,51. In Fig. 3, an arrange- .... - - -
ment of major components in the 200-MW modulator cabinet is -: -i - -

shown. As shown, the modulator has a control cabindt, a main iSO 200 360 200 360 ,00
cabinet, and a circular tank with a klystron load. The control REAM VOLTAGE (kVs)
rack encloses all low voltage monitor, control, and interlock Fig. 1: Plot of beam voltage versus E-3712 idystron RF out-
compartments. The main cabinet is separated in two parts, put power. 150-MW modulator is used to measure the
charging and discharging cabinets. The charging cabinet covers data. (ISOL = 16.5 A, RF drive power = 250W, PRR
from 480V AC primary power line inlet to de-spiking circuit = 50H-z, Heater power = 440W)
The discharging cabinet encloses PFN and thyratron related
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Pulse Modulator Developments in Support of Klystron Testing at SLAC
R. F. Koontz, R. Cassel, J. de Lamare, D. Ficklin, S. Gold, K. Harris

Stanford Linear Accelerator Center
Stanford, CA 94309 USA

Abstract of new klystrons. The photograph in Fig. Ishows the floor lay-
Several families of high power klystrons in S- and X- out of the laboratory. Test Stand capabilities are listed below,

Band are being developed in the Klystron Laboratory at SLAC. and details of the new modulator developrn,ýnts are outlined in
To support these developments, a number of new pulse modu- the paragraphs following.
lators are being designed from scratch, or upgraded from exist- A. Production Test Stands
ing laboratory test modulators. This paper outlines the Test Stands 1, 5, 7, 9, & 11 are dedicated to 65 MW pro-
modulator parameters available in the SLAC Klystron Labora- duction klystron testing. These test stands are conventional line
tory, and discusses two new modulators that are under con- type modulators with thyratron switching. Primary power sup-
struction. plies are variable transformer programmed 25 kV DC units that

resonant charge two parallel section pulse lines. DeQing, cut-
I. BACKGROUND ting off the resonant charge when a reference voltage is

Thirty years ago, the first building constructed at the new reached, is used for regulation. When the thyratron fires, a

site of the Stanford accelerator was the Klystron Test Lab. The 23 kV pulse of 5 ps (3 dB points) duration is supplied through

sources of the microwave power needed to drive this massive a pulse cable to the klystron pulse transformer. The 15:1 trans-

accelerator were very much in doubt. The Test Lab was former delivers a 350 kV pulse to the cathode of the klystron.

equipped with twelve line type modulators built by Ling for the The klystron perveance is nominally 2 pperv, and this trans-

purpose of testing new developmental klystrons and other lates to a delivered pulse current of 414 amps. The primary cur-
rent in the thyratron is in excess of 6,000 amps. An electricalcomponents needing high power S-Band if. Over the years, lyu fteemdltr ssoni i.2

these test positions have been upgraded and radically changed layout of these modulators is shown in Fig. 2.

to meet the needs of ongoing rf development projects. Cur- B. Thyratron Test Stands

rently, the lab is supporting the continuing production of the In the last year there has been a major effort to secure
65 MW pulsed klystrons "hat power the Stanford Linear Col- multiple sources of reliable thyratrons for modulator service at
lider (SLC), and has developmental programs underway on SLAC. The SLC has 245 operating modulators that require
both S- and X-band pulsed po'ier sources. The Test Lab now thyratrons, and the failure rate of thyratrons in this service is
has sixteen test positions of which five are dedicated to R&D about four per week. Currently, two manufacturers, ITT and

EEV, are supplying thyratrons, and Litton is close to delivering
a newly designed thyratron that should give long service. IT"

V and EEV are upgrading their thyratron designs as well. Three
test stands in the Test Lab are dedicated to thyratron evaluation
and qualification. Thyratron testing involves detailed monitor-
ing of thyratron operating parameters. High Voltage Over Cur-
rent faults are counted and automatically reset during
processing and acceptance testing. Each test modulator oper-

LI L10 I I c-C20044 2Id
50OKV nornO

Ci 10 L1-L)2.8 ZpIh
T_ Tfc:ý] Z7 4 A (total)

CHI Lii 120

cii C20C)_ 350 KV

241

-25k W-

Figure 1. Klystron test lab overview.

SIMPLIFIED SCHEMATIC -350 kV MOOULATOR*Supported by Department of Energy contract Figure 2. Standard pulse modulator schematic.
DE-AC03-76SF00515.
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tlss, I I I IIwill be dedicated to ring drive service. This test stand will be
- 60. IV .K -. operational by August 1993.41M amps

-Beam Cunt A 1.72 - E. Medium Voltage X-Band R&D Test Stands

The two test stands mentioned above, 6 and 8, have been
upgraded with network modifications-ITr-303 12,000 amp
thyratrons, and 20:1 ratio pulse transformer tanks close cou-
pled to the modulators to produce 600 ns rise time beam volt-
age pulses up to 450 kV. The networks can be configured to
produce pulses as short as 600 ns, or as long as 1.7 ps. X-Band
R&D klystrons operate at a nominal perveance of 1.8 pzperv. At
full voltage, the thyratron must switch over 11,000 amps from
the network. The rIT-303 large cathode thyratron has this

3,*s p capability.

48 4.048 The electrical configuration of these two modulators is
9 400 nsidiv 7420A similar to that of the production modulators, but the layout is

Figure 3. Test stand 8 beam pulse voltage, optimized to reduce stray inductance and capacitance. This
permits the fast rise times obtained in the beam pulse image

PFN #3shown in Fig. 3
PFN #1 PFN #1 (r -) F 650 kVY 1.2 ltperv Blumlein Test Stand for X-Band

Klystron R&D

Sw (1The parameters of this test modulator were presented
(Ref. 2) by Cassel et al. This modulator design is under con-
struction in the Klystron Test Lab in test stand position 3. The

5-93 7QA7 three section network in the Blumlein configuration is charged
Figure 4. Test stand 3 Blumlein schematic in the conventional resonant charging mode by a programma-

ates into a pulse transformer tank equipped with a glass-tube- ble 45 kV DC power supply. The variable autotransformer of

enclosed liquid load, containing a detergent solution, in place the original test stand is used for level control, and a new SCR

of the actual klystron. These test stands are also used to dynam- switching bridge in the power supply primary is used to pro-
ically test all pulse transformer-tank assemblies before vide "soft start" capability. Later, this circuit will be used for
klystrons are mated to the tanksf direct voltage control. The three stage Darlington network that
k.ystrns aResomante tog th tank es. composes the pulse forming line delivers an output pulse of 1.5

times the peak charging voltage to the pulse transformer when
One test stand is dedicated to operation of an existing res- the thyratron is fired. A block schematic of this network is

onant ring which can circulate over 200 MW. The modulator in shown in Fig.4. The use of this voltage multiplier network
this test stand has an extended network that delivers a 6.5 Ps allows the thyratron to see only the PFN charging voltage of
beam pulse. A 5045 klystron delivers up to 50 MW of rf (5s) 85 kV while delivering a network output voltage of 127 kV.
to the ring, or to a separate window test waveguide assembly. With a conventional pulse line the output voltage would only
Windows were previously tested in the ring, but it has been have been 42 kV. A serious limitation to fast rise time is leak-
found to be more effective to test windows with the full output age inductance in high ratio pulse transformers. Using this
of the klystron which acts as a lower impedance drive source Blumlein multiplier technique, a fast rise time pulse trans-
than the high Q resonant ring. In the ring, fields collapse rap- former of only 6:1 ratio can be employed in the system, and
idly when a discharge occurs at a test window, and the window still produce klystron cathode beam pulses of over 650 kV. All
is not damaged. When driven directly from a klystron, the components for this modulator are now in house including the
fields do not collapse, and the klystron drives energy into a pulse transformer, and low level network testing is underway.
window discharge, such that subsequent inspection shows it to We expect this modulator to be assembled and ready for high
be defective. Windows used on production klystrons go power testing in the Fall of 1993.
through this direct drive testing process. G. 550 kV, 1.8 pperv Test Stand for 150 MW S-Band klystron
D. X-Band Resonant Ring Test Stand Development

Two high voltage test stands have been dedicated to the Test Stand 13 is being modified to operate a 150 MW S-
development of high power X-Band klystrons. One of these Band klystron, with microperveance 1.8, at a beam voltage of
test stands has been used intermittently to drive an X-Band re.s- 550 kV maximum. The most expeditious and cost effective
onant ring that can operate at over 300 MW circulating power method of modification is to build a standard line-type modula-
(Ref. 1). To allow this ring to be used regularly in component tor using as many of the existing modulator components as
testing, a new, but completely conventional modulator and test possible. The existing set up has a 25 kV power supply and
position is under construction that will provide a 3 ps beam charging choke system, and 50 kV thyratrons are available. A
pulse of up to 400 kV to an experimental X-Band klystron that pulse transformer ratio of 1:23 and a Pulse Forming Network
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Figure 5. Test stand 3 (550 kV) modulator schematic. Figure 6. Test stand 13 modulator layout.
impedance of 1.3 ohms was chosen to obtain the slight positive four Parallel PFN's can be packaged in the same space as the
mismatch. Based on the PFN impedance, the reflected klystron present systems.
impedance, and the required output voltage, the thyratron volt- To make room for all the inductors, the capacitors are
age (PFN voltage) will be 46 kV which is a comfortable oper- alternated such that two PFN's face one direction and two face
ating point for a 50 kV thyraton. The total thyratron discharge the opposite direction. This layout is shown in Fig. 7. Also
current is 17,000 amperes. Two ITT Model 303 Thyratrons will shown is the placement of the thyratrons and the pulse tans-
be used to discharge the PFN. former tank. Each thyratron discharges two PFN's. Because of

Stangenes Industries of Palo Alto, California is designing the symmetlry and close proximity of the components, the
a pulse transformer with a 600 ns rise time (10% to 90%) and inductances can be minimized and somewhat equalized.
3.5 ps flat top for this application. The required PFN pulse The pulse transformer and cathode end of the klystron are
width is 4.5 pIs. housed in a round tank. This tank will also be used on the 650

The rise time of the output pulse to the klystron is domi- kV modulator.
nated by the rise time of the pulse transformer. However, a 10-
section PFN is needed so that the beam pulse width can be 2. Other Test Lab Support Facilities
shortened, by removing sections, during initial turn on and pro- The Test Lab is also home to two major testing facilities,
cessing of the klystron yet still maintain a usable pulse shape. the 70 kV, h al so homest tand thating foriptes
The impedances are very low and the peak currents high in this ces70n.a, half-Megawatt CW if test stand that is used for pro-
type of conventional design. Wiring and component induc- cessing and qualifying PEP klystrons, and the X-Band acceler-
tances can significantly effect the output pulse and system ator s ii wher Bd power fr expef.mental
noise. These potential problems are addressed by: aystrons is used to power accelerator structures (Ref.c3). This

a) using four parallel, ten-section PFNs and discharging facility is equipped with an electron gun and a spectrometer. A
each pair with a thyratron. new 1.2 MW CW rf test stand is being planned for testing a B

b) mechanically designing the PFNs, thyratrons, etc. in a factory klystron.
symmetrical configuration with short leads to the pulse References
transformer that can be copper bus.

The four parallel PFN's, as shown in Fig. 6 enable each [11 Component Development for X-Band Above 100 MW W.
inductor to be four times larger than an equivalent single PFN R. Fowkes, et al 1991 IEEE Particle Accelerator Conf.
structure. The calculated value for each inductor is 1.16 iJHen- SLAC-PUB-5544.
rys. The inductors are designed for 1.3 IJ-enrys and can be [2] 600 kV Modulator Design for the SLAC Next Linear
tapped and fine tuned with a slug. Each of the inductors is in Collider Test Accelerator R. Cassel et al 20th Power
series with one of the forty capacitors. The capacitance of each Modulator Symposium, Myrtle Beach, SC SLAC-PUB-
section is nominally 0.045 pFarads, which is similar to the 5851.
capacitors already in use. The plastic case capacitors manufac- [3] Accelerator and RF System Developments for NLC A. E.
tured today are significantly smaller than those in use at SLAC Vlieks, et al This Conference SLAC-PUB-7415.
and can be made with much lower internal inductance
(35 nHy). Using 4" x 6" capacitors approximately 13" long, the
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A Blumlein type modulator for 100MW-class
X-band klystron

H.MIZUNO
KEK(National Laboratory for High Energy Physics)

1-1 Oho,Tsukuba-shi, lbaraki-ken, 305 Japan

T.MAJIMA, S.SAKAMOTO and Y.KOBAYASHI
IHI(Ishikawajima-Harima Heavy Industries Co., Ltd.)

Toyosu 3-1-15, Koto-ku, Tokyo, 135 Japan

Abstract klystrons(REF-3)(REF-4) This
To achieve the high efficiency in kysrn(E-)RF4. Tithe Xbacdhpuled yth mdlt forici y i conventional modulator has revealed

the X-band pulsed klystron modulator for sufficient performance as for the test of
the main linac in Japan Linear Collider, a the X-band klystron named XB-72K, but asnew modulator with the Blumlein type the possible driver for the future linear
PFN was designed and fabricated. Two collider pulse shape especially it's rise
identical 12-stage PFN's of the 23 ohm time was not sufficiently fast to assure the
characteristic impedance are set on the efficiency necessary for the future linear
both sides of the 1 to 7 step-up pulse collider. A new Blunlein type modulator
transformer. Simulations showed thatwihhsuletransformer , 500ulato ns 5d kt and new I to 7 step up pulse transformerwith this pulse transformer, 500 ns 560 kV w s d sg e n a rc td
pulse of 200 ns rise time could be obtained
with the droop of 2%. The design and some Design and parameters
test results of the Blumlein type modulator and parametersTable-la) and lb) show the circuit
and the pulse transformer are presented. design and the parameters of the Blumlein

Introduction type PFN and I to 7 pulse transformer
At the present status of the design parameters, respectively. The outputstudies and the R&D works dedicated to the voltage was decided same as the present

studes nd he RD wrksdediate tothe modulator, thus the same charging system
next generation of the electron- positron andlthe thyratro switching tei
colliders, the necessary output power of and the thyratron switching tube is
coeliderswethe onecessarytoutput powernof utilized. One specific feature of this circuit
the RF power sources in the X-band range different from an ordinary Blumlein

is still under discussions(REF-I)(REF-2). circuit, is that the primary winding of the

As X-band main linac's in JLC(Japan pulse transformer is kept at the charging

Linear collider), the accelerating voltage of 80 kV. As shown in the Table-

structure with the filling time less than la) e i t And the Tanceo

100 nsec is considered. Therefore, the PFN are much smaller than those of

considering the multi bunch operation of the ordinary PFN's of S-band modulators.

this linac's, the R F pow er duration is By ord in gr the pri m ary wind at ors.

around 100-200nsec is required in the By setting the primary winding at the

accelerating structures. This means that charging voltage as shown in Fig-a), the

the RF power source should produce the ground lines can be always kept at the

100MW class RF peak power with the ground potential, and this can minimize100M clss R pek pwer iththe the undesirable effects of the stray
duration of 400-800nsec, even with the RF tac and capacta of the PFN

pulse compression system of the factor 4. irctstoe are not o sml pae
This RF pulse is much shorter than that of with the rc cots tmselves.pThe

the resnt Sban linc'swhic is with the circuit constants themselves. Thethe present S-band linac's which is configuration of PFN's can be achieved

typically a few micro-sec. In KEK, we have symmeticl as shown in be andieved

utilized conventional modulator with the I symmetrically as shown in Fig-2a and 2b).

to 15 pulse transformer to drive the This symmetric configuration is expected

present 100MW class X-band to keep the stray capacitance and

13210-7803-1203-1/93503.00 C 1993 IEEE



TABLE- Ia) PFN Specifications Table- I b) Pulse transformer
Impedance 23 Ohmis Step)-up ratio 1/7
Charging Voltagc(Max.) 86 kV Leakage L. 830 nI-
pulse Width(Total) 700 nscc Stray capacitanice 4 nF
No. of stages 12 stages Loss at 200pps(I-ystercsis) 100W

(x2scts) (Eddy Current) I1000W
Inductance/one stage 340 nH Rise time(Trans. only) ~ -100ns
Capacitance/stage 2.9 nF Fall Time(Trans. only) -200ns

Sagging(500ns width) 2.8 %
Core material Si-Fe 25microns

Fig-2a,b) PFN and discharge circuit

Fig-3a) Equivalent c irc u it fo r S PI C E
simulation

LC5N

40 uI sot

* 2- 1322



inductance practically equal in each two Fabrication of the Blumlein type PFN
PFN's of the Blumlein structure. The fabrication of this PFN was

As the pulse transformer design, as carried out . in Ishikawajima-Harima
shown in Table-Ib), ordinary core Heavy Industries Co., Ltd.. As shown in
material such as Si-Fe of thickness of 25 Fig-2), the PFN's and their casing have
microns which is currently available in been completed, and the first high voltage
the market has sufficient performance test with the dummy load is scheduled to
concerning the hysteresis and eddy the end of May.
current losses. One specific feature of this
pulse transformer mentioned above is Discussions
that the primary winding is always kept The stray inductance of the
at the charging voltage (80 kV), and this capacitors may limit the rise and fall time
could be achieved by setting the of this PFN system. The main source of this
insulation distance between the core and stray inductance is the lead wire which is
the secondary winding respectively, located in the insulation ceramics of the
without sacrificing other performances capacitar. To avoid this problem, PFN
such as stray capacitance or leakage circuit should be placed in the insulation
inductance those affect to the output pulse oil tank and wirings in the PFN should be
shape. This transformer is used in the made as short as possible.to decrease The
insulation oil tank as usual for this kind primitive design work on this subject are
of high voltage pulse transformers. under progress.

The circuit simulation was carried
out by the use of "SPICE" code. The Refernces
equivalent circuit for the simulation 1)"JLC-l", ed. by JLC group, KEK Report 92-
including the pulse transformer is shown 16(1992)
in FIG-3a), and this equivalent circuit 2)K.Takata. " Proc. of HEACC92",
includes the stray inductance and Hamburg(1992)p.81 1.
capacitance of the pulse transformer, but 3)H.Mizuno et al.,KEK Preprint 92-
the stray inductance of the capacitance 122(1992)
are neglected. The calculated pulse shape 4)M.Akemoto et al.,"Proc. of the 1991 IEEE
is also shown in the FIG-3b), and the rise particle Accelerator Conference", San
time around or less than 200 nsec was Francisco, p.1040(1991)
achieved.

Fig-I) Blumlein PFN

RDP Liol --- 113

Tr de-Q Dch C101 - 112
HV INPUT 0 PT

u LDP VIiT

0 .. L201 - 213
0-,,

101-103=340nH. CI01-112=2.9nF VI Thyratron(CX1937A; EEV)
L201-213=340nH. C201-212=2.9nF
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Noise Reduction Techniques Used on the High Power Klystron Modulators
at Argonne National Laboratory*

Thomas J. Russell
Argonn. *onal Laboratory, 9700 S. Cass Avenue, Argonne, IL 60439

Abstract The high voltage power supply cabinet houses a 25 kV, 2 A

The modulators used in the Advanced Photon Source at Ar- DC power supply. The design incorporates a 480 V 30 variac

gonne National Laboratory have been redesigned with an em- driving a A-Y and a A-A stepup transformer. This configuration

phasis on electrical noise reduction. Since the modulators a results in a 12-pole system and reduces the filter capacitor re-

100 MW modulators with <700 ns rise time, electrical noise can quirements. The filter capacitor is 14 pF at 30 kV. The high

be coupled very easily to other electronic equipment in the area. voltage power supply cabinet also houses the command charge
This paper will detail the efforts made to reduce noise coupled deck. The command charge is accomplished through the use of
thisurrpernill dq mental t heeffot m ande so ud gan EIMAC 4CX15,000 tetrode, specially processed to behaveto surrounding equipmenL Shielding and sound grounding a eissic.Tehg otg oe upycbntas

techniques accomplished the goal of drastically reducing the as a series switch. The high voltage power supply cabinet also

noise induced in surrounding equipment. The approach used in houses all the electronics for the pulse forming network.
grounding and shielding will be discussed, and data will be The charging choke cabinet contains a 22 H charging
presented comparing earlier designs to the improved designl choke, some dampening circuits, and the regulation diode with

its associated load resistor. These components are contained in

a 7-foot-high heavy-duty equipment rack which is connected to

I. MODULATOR PARAMETERS AND SYSTEM the high voltage power supply cabinet and the pulse forming
CONFIGURATION network cabinet with RG-220 cable. Also contained in the

pulse forming network (PFN) cabinet is a dump switch for the

There are five high power modulators used on the Ad- PFN and a voltage divider to monitor the PFN. Output from the
vanced Photon Source injection linac at Argonne National Lab- PFN cabinet travels to a step-up transformer feeding the klys-
oratory. The modulators are line type modulators incorporating tron through two RG-220 cables modified into a triaxial config-
command charge for regulation and control. The modulators uration.
consist of a monitor and control rack, high voltage power sup- The basic operating parameters of the klystron (Thorison
ply cabinet, charging choke cabinet, pulse forming network CSF 2128) are given in Table 1. The design of the modulators
cabinet. klystron control rack, and pulse transformer tank. The was based on these requirements, and they were tested into a
configuration of these cabinets and racks is shown in Figure 1. dummy load meant to represent these parameters.

Table 1
Klystron Parametric Requirements

ýqh Parameter Required

Puls oWOII Beam Voltage 315 kV
& Beam Current 315 A

Perveance 1.78 iL

Efficiency 35 %
Figure 1. Basic layout of the modulator for the Frequency 2856 MHz

ANL APS linac.
'Output Power 35 MW

The monitor and control cabinet contains the main control
chassis, an interface to the main system computer, and an oscil- The modulators were built and tested; Table 2 presents the
loscope to locally monitor various wave shapes. All connec- data measured.
tions made from the monitor and control cabinet to other por-
tions of the modulator are accomplished through fiber optic
links. A limited number of connections are hard-wired to other H. SPECIAL NOISE REQUIREMENTS
portions of the linac system. These connections are limited to Because of the close proximity to other electronic equip-
AC power and connection to the system safety system. ment, special emphasis was placed on minimizing the electrical

noise generated by the modulator. One modulator built by a
* Work supported by U.S. Department of Energy, Office of commercial vendor was installed and tested in our linac test
Basic Energy Sciences, under Contract No. W-31-109- stand, but the level of radiated noise was unacceptable. Inaddi-
ENG-38. The submittd ,-rt,,t, ha be ah(W• tion to anecdotal evidence (e.g. modulator control electronics

bY a contrtactor of the U. S. Government
under contract No. W-31-109-ENG '38.

Accordingly. the U. S. Government retW ns a
-780-1...--- 3. 1---. - 1--993 -E evbuh, 3
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Table 2 D C
Modulator Parametric Requirements and Achievements -E

Parameter Required Achieved 8 I h PU= FoTm

Peak Output Voltage 20.5 kV 22 kV I_ _ _ __,_ i
Peak Output Current 4,820 A 4,990 A

Peak Output Power 100 MW 110 MW

Output Impedance *4.25 Q **442 Q

Transformer Step-up Ratio 1:15.3 1:15.3 Figure 2. Locations of radiated noise measurements.

Pulse Width 5 p 5 • Therefore, all components were floating above ground by sev-
eral 10's of volts. Figure 3 is an abbreviated schematic design

Repetition Rate 60 pps 60 PPS for the improved shielding configuration.

Modulator Rise Time <700 ns <150 ns Ill. TEST RESULTS
*Measured at low voltage **Calculated by Ohm's Law

Tests were conducted on the improved modulator to

operating incorrectly, sparks between mating cabinet doors), compare the radiated noise to the original modulator design.
several measurements were made. It was found that the behav- Similar data was collected using the original design. The re-
ior of much of the electronic equipment not associated with the suits of both measurements are shown in Table 3. The data is
modulators deteriorated when the vendor-supplied modulator presented in power for simpler comparison to other data. It
was operating. should be noted that while efforts were made to make the mea-

Measurements of radiated noise were made on the original surements as similar as possible, some differences in the testing
design using a loop antenna input to an oscilloscope. The anten- exists.
na and oscilloscope were terminated into 10 kQ. The locations
of the measurements are shown in Figure 2. IV. CONCLUSIONS

Our modulator design was engineered based entirely on There has been a vast improvement in radiated noise on the
coaxial principles. At any point where pulse currents flow, the high powered klystron pulsed modulators at the Advanced Pho-
return current path is coaxial about the conductor. This elimi- ton Source. These efforts were made to improve operation of
nates any magnetic loop antenna configuration which might nearby sensitive equipment in the equipment gallery. Data
radiate an interference signal. In order to assure that all the re- clearly shows the improvement is on the order of 40 to 50 dB.
turn current flowed through the coaxial configuration, it was Additionally, a simple test was made by the author using an in-
necessary for the current path to be separated from ground. expensive AM radio. With the modulator operating at full pow-

High Voltage Power Supply Charging Choke Pulse Formning Network
--------------------------------------------------- I

S I

4CX15.O0 : , a

*ITT F241SI I <

....-- j......ran-r r

Figure 3. Abbreviated circuit design with grounds and shields.
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er and full rep rate, noise was barely noticeable on the radio lo- Table 3
cated three feet from the modulator. Measurements of radiated noise for

both the original and improved design

V. ACKNOWLEDGMENTS Location Original Design Improved Design

The author would like to thank many people in the design A 2.4 mW 0.12 9W
and construction of the modulator. Ray Fuja, for offering assis-
tance and experience on numerous occasions; Matt Lagessie, B 3.2 mW 0.02 ILW

Kevin Dunne, Rob Wright, and Mike Phelan and many others C 9.8 mW 0.16 LW *

who, under a great deal of pressure, built five modulators in nine D 0.8 mW
months; and Quentin Kerns of FNL for explaining the idea of
a coaxial modulator. E 20 mW 22 mW**

Notes:
*The test on the improved design was performed with the cabi-

net doors open while tests on the original design were made
with the cabinet doors closed; therefore, actual results should

be even better.
"*Location E is directly next to the dummy load which was the
same for both tests. No effort was made in shielding the dummy
oloa; therefore, results should be similar.

1326



Novel Gigawatt Power Modulator for RF Sources*
I. Yampolsky, G. Kirkman, N. Reinhardt, J. Hur and B. Jiang

Integrated Applied Physics, Inc.
50 Thayer Road, Waltham, MA 02154 USA

Tel. (617) 489-1818

Abstract The main problem in design of TlLT(Tfransmission line
A novel method for producing high voltage rectangular transformer) to bring to 0 each reflected wave. By different

pulses for driving RF sources is described. The approach uses law of increasing charging voltage it is very hard to get entire
two advances in pulsed power technology: 1) The BLT switch formula, about how the resistance of the line has to respond to
and 2) Novel transmission line transformer techniques using this increasing. But it is very easy to write a computer
switches between lines. Experimentally demonstrated is a program for optimization purposes.
modulator producing 80kV, 800A output pulse requiring only When designing the actual device, we can use several
22kV switch voltage. The output pulse is -120nsec long with active sections and several passive ones. Some examples at
<40nsec rise and fall times. A modulator designed to produce such approach are shown in Fig 2. From this figure, one can
IMV, IkA output pulse using 50kV switches is described and see that the closer to the beginning are pulsed the switches,
simulated by computer. The application of this modulator to the higher is the gain at the output voltage. The upper limit
drive RF sources for advanced accelerators is discussed. can be achieved when all switches are put in the very

I. INTRODUCTION beginning of the lines. But in such case. they need to work in
series which is not easy to accomplish.

There have been many attempts to use the Marx generator

to get short rectangular pulses in nanosecond region of time.
The stray capacitances of the lines spoiled the shape of the V ....... v

pulse. In this work, we describe a novel approach to \ ' 75 \ ' " '50

obtaining a rectangular output pulse from a multistage Marx s o,.,
like generator. We started the investigation with a v*..
transmission line transformer scheme what was proposed by Tow
Smith1 In a standard transmission line transformer a single
switch is used at the input and the step up ratio is typically (a)
limited to about 5 or 6 thus a IMV output requires and input
switch of -200kV. Switching at this level at high rep rates and9 so5V I OoV I s•V MaliV

currents is extrem.-.y difficult. In our design we use several /
lower voltage switches at the transition points of the I - oo0s,

transmission line transformer. This approach allows us to Ion O 0n 0

obtain an output of IMV using 50kV switches. o k"... Pi V~ h

II. SWITCHED TRANSMISSION LINE
TRANSFORMER

The main idea of our approach is to locate switches (b)
between lines. In this case, the capacitance of isolation
transformers and triggering transformers can be included to s•,V ,o0k,,, ,.,V 200,

the capacity of lines and the switch inductance can be / . ..
included to the inductivity of the lines. This means that the / , ..
influence of the parasitic parameters of the switch on the in o, 1,

output pulse can be eliminated. The charge voltage of the -p- P°. \.." W.
lines can be tripled between switches unifomly by means of -. •s ,
charging transformer or with help of some dividers.

If we have two transmission lines and an ideal switch (c)
between them, Figure 3. Three possible schemes for the switched TLT.

Vpl S Vch2 Charge voltage is with respect to ground such that eachS V- 2 switch is required to holdoff 50kV. a) Scheme using 3
111ý switched sections and 9 passive sections to give 1050 kV

Vrl Zi Z2 output. b) Scheme using one impedance step between

the reflected wave in the first line is: switches for 6 sections followed by 6 passive sections to
give 900kV output. c) Scheme using two impedance steps

Vrl = (Vch2-Vlp(I-Z2/Zl))/(l+Z2/Zl) (1) between switches for 9 sections followed by 3 passive

sections. For design purposes the total number of
switches was limited to 4 and number of sections to 12,

"'This work was supported by the U. S. DOE through the for computational purposes an output switch is used
SBIR program. which will be replaced by an isolating line in the final

design.
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III. EXPERIMENT This data shows the statistical jitter of the BLT and

An experiment to demonstrate the switched TLT was indicates the long term stability of the system. When

undertaken using two BLT switches capable of operating at operating at higher power some drift of delay may occur due
up to 50kV in a configuration to give an output which is four to thermal variations in the system however these can be

times the switch voltage. The circuit design is that of scheme compensated for with computer control. We have developed a

b in figure 2 using a total of four sections plus an output microprocessor based system to control the drift of the BLT.

i.The block diagram of the pulse g atit The BLT uses a quickly responding gas reservoir which when
isolating line. egenerang combined with a computer controlled power supply the driftsystem is shown in Figure 3.

can be eliminated. Drift can further be reduced by varying the

Ch arg a trigger delay time to the BLT switch.
Voltage

... 1 n 0 0 l•I20 I I I

16 nF Isolating Line

1000 200, 3nF 0

50001 Switch #2 73 n
3 17, .83n F -20(

1.SnF - 20
120. 920 -4

BLT 401, Load -40
Switch #1 l2nF Lo-6 __

" -60
Each line is 60nset

for& 120nsec pulse length 8I

Output Voltage
- 4 a Switched Voltage

-100

Figure 4. Experimental circuit for demonstrating the 0 50 100 150 200 250

feasibility of the switched transmission line transformer Time nsec

using multiple BLT switches. Figure 4. Output voltage obtained in experimental circuit
using two BLT switches. Switch voltage was 22kV and

The test circuit was fabricated using discrete components repetition rate 5Hz, load current is 800A.
to produce five transmission lines of different impedances.
"Tlhe first two lines, 4 and 1242 impedance, consist of cenunic 300 Jitter at 60kV Output
capacitors and inductance formed by a rectangular coaxial
housing. The third and fourth lines, 36 and 7242 impedance,
are formed from custom capacitors fabricated by lAP using a 0

cylindrical geometry and mylar film dielectric. Each line is 0200

twelve sections of equal capacitance the length of each line is
60nsec. The fifth line 200• isolates the charging voltage fromo 0
the load. 100

The switches used in this system are the BI3T-250-T
which is an electrically triggered single gap BLT switch.
Performance of the switch is described in another paper at this 00~ 0'l 0 •
conference 2 . The switch is capable of operation at lfI circuit 0 3 -2 - 1 0 1 2 3
impedances at up to 50kV when pulse charged in -lOtsec. Normalized Time (nsec)
The switch uses a cold cathode to conduct the main discharge Figure 5 Statistical measurement of the jitter. Data
current therefore requires very low heater power. The small consists of a 2000 pulse sample taken while continuously
amount of heater power allows the switch to operate at operating at 5Hz for 25 minutes. No pulses occurred
floating voltages without large isolation transformers for the outside of the data range shown.
heater power.

In optimized operation using two switches at, output IV. MODULATOR DESIGN FOR 1 MV
pulse of 80kv with a 40nsec voltage risetime (10 to 90%) has A key element in the development of higher energy and
been obtained at a 22kV switch voltage and is shown in the higher luminosity linear colliders is the availability and cost
figure 4. The optimized output pulse occurs when the second of the RF power required to drive the accelerator. In present
switch closes precisely at the time the pulse from the first designs RF power is required at 11.4GHz in 100 to 200nsec
switch arrives. This is 120nsec after the first switch closes, long pulses with peak powers of IGW3 . The present

The BLT switch has been demonstrated to operate with approach to obtain this output is to drive the RF source at
timing jitter on the order of Insec when operating at high -100MW for -l.4.tsec then use RF pulse compression to
power. In this system two BLT switches have been shorten the pulse and increase the peak power. The pulse
synchronized to produce an output pulse with timing jitter of compression is innefficient therefore requires that the pulse
<l.Snsec. The jitter of the load voltage is measured modulator be very efficient. The pulse modulator in this
statistically taking a sample of 2000pulses while operating approach can be a transformer based system provided that the
continuously at 5H1z for 25mninutes. The resulting data is step up ratio is not too high, however this puts severe
presented in figure 5. demands on the high voltage input switch and special
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techniques must be used to reduce the required switch of the 24 cell system is higher. In the final design conclusion
voltage 4 . economical details must be considered.

Our pulse modulator techniques can be applied to directly
drive an RF source at the IGW power level with 200nsec OUTPUT VOLTAGE

pulse length. This approach eliminates the need for RF 400

compression increasing the system efficiency. Additionally
the modulator design operates at a maximum switch voltage 24 COL. In Jim.

of 50kV, greatly reducing the cost while improving the 0
reliability and system lifetime.

. 12 11.s6, hu
Fig. 6 shows the system which uses twelve pulse forming -400

lines in our novel switched transmission line modulator 7
configuration. Each line is 1.5m long and 20cm diameter. >

Each BLT switch operates at 50kV holdoff voltage with the -800

total charge voltage being 200kV. A Darlington section is
used to isolate the load from the charging voltage canceling .1200
any prepulse. A passive tuning line is transformer coupled to 0 100 200 300 400
the output for adjusting the pulse shape. The tuning line Time (nsec)

operates at -10% of the load voltage reducing fabrication Figure 7. Computer simulated output of modulator using
complexity. four 50kV switches to produce IMV. Dashed line is for

One of the problem consists of very different wave pulse forming lines consisting of 12 cells and the solid
resistances required for different lines. They start from 2 Q line is for lines with 24 cells.
for the first line and finish with I kil for the last line. The V. CONCLUSION
size of the lines is kept reasonable by using water dielectric In this work we have demonstrated the feasibility of
for the low impedance lines, oil for the higher impedance producing high voltage output pulses using a transmission line
lines and a delay structure within the lines to minimize the transformer incorporating BLT switches between line
length. sections. We have successfully demonstrated synchronization

*•, ,Tr ' of two BLT switches and an output that is four times the
• L] -- I switch voltage. Based on these results a systenm for

- ---- ii producing IMV, IkA, 200nsec pulses has beetn designed and
modeled by computer.

The key result is the demonstration of an innovative
II modulator system that could be scaled up to drive RF sources
II at the gigawatt power level for future accelerators. The
IJ l modulator would produce high peak power with 200nsec

pulse length eliminating the need for RF pulse compression.
... This would greatly enhance the efficiency and reduce the

overall cost of RF power.
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Optimization of Speed-Up Network Component Values for the 30 Q
Resistively Terminated Prototype Kicker Magnet

M. J. Barnes, G. D. Wait,
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada V6T 2A3

DUMP SWITCH DUMP SWITCH \ SWITCH

Abstract TERMINATOR THYRATRON S.A I. .IH RON

Kicker magnets are required for all ring-to-ring transfers 'iHfl--•---ft•' '
in the 5 rings of the proposed KAON factory synchrotron.
Tile kick must rise from 1% to 99% of full strength dur- RMIAOR KICKER M D.. ]S.
ing tile time interval of gaps created in the beam (80 ns
to 160 ns) so that the beam can be extracted with min- S -X
imum losses. In order to achieve the specified rise-time
and 'flatness' for the kick it is necessary to utilize speed- Figure 1: Block diagram of pulse generator and magnet
up networks, comprising a capacitor and a resistor, in the
electrical circuit. Speed-up networks may be connected reilated [6] but not shown in Fig. 1. The Pquiva-electrically oin both the i p tand output of the kicke:d mapg are si m u a e 6 u o h wn i i .I h q i a
eectrical addion botthe inpadtanandeoutpt tof thnekcka md-u lent circuit of the main switch and dump switch thyra-
net. In adldition it is advantageous to connect a 'sp':,edu
network on the input of the resistive terminator(s). A se- tron allows for both anode and cathode displacement cur-
quence which may minimize the number of mathematical rent [1,7]. The D.I.S.I. (Displacement Current Saturating
simulations required to optimize the values of the 8 pos- Inductor) shown in Fig. I reduces the magnitude of pre-
sible speed-up components is presented. PE2D has been pulse cathode displacement current which flows through
utilized to determine inductance and capacitance values the kicker magnet to an acceptable level [1], therefore sig-
for the resistive terminator; this data has been used in nificantly decreasing the 1% to 99% field rise-time in the
PSpice transient analyses. Results of the PE2D predic- kicker magnet [1,8]
tions are also presented. The research has culminated in As mentioned above four speed-up networks are required
a predicted kick rise time (1% to 99%) of less than 50 ns in order to achieve the specified rise and fall times for
for a TRIUMF 10 cell prototype kicker magnet. The pro- the collector injection kicker magnet. Speed-up networks
posed improvements are currently being implemented on connected on the output and input of the kicker magnet
our prototype kicker system. mainly effect the leading and trailing edge, respectively, of

the kick [9].
I. INTRODUCTION During the post-pulse period the D.I.S.I. is unsaturated

The magnetic field rise time of a transmission kicker mag- (relatively high impedance); in order to obtain a sat-
net results from a superposition of the the rise time of the isfactory post-pulse kick, any reflections from the non-
pulse from the pulse generator and the propagation time ideal main-switch resistive terminator must be suppressed.
of the pulse through the magnet (fill time)[Il. Many of Hence it is advantageous to connect a speed-up network
the kicker magnets for the proposed KAON factory syn- on the input to the kicker magnet, between the magnet
chrotron require 1% to 99% kick rise/fall times of less than and the D.I.S.I. In addition, connecting the speed-up net-

82ns [2,3]. work between the magnet and the D.l.S.I. helps to sup-

In order to compensate for unavoidable impedance mis- press impedance resonances which the beam might other-
natches it is necessary to include several 'speed-up' net- wise see' [10].matches iIn order to be able to select optimum component valuesworks in the design of the pulse generator. In the case of for the speed-up networks, Figures of Merit (FOM) are

a kicker magnet which is terminated in a short-circuit on for the kick [1].Te interit respe
its output,, for example the booster extraction kicker mag- calculated for the kick [11]. The integral with respect to
net for the KAON factory [1], only one or two speed-up time of the deviation of the kick from the ideal levels (0%
networks are required [4]. and 100% of full kick strength) and outside of specified

The collector injection kicker magnet for the KAON fac- levels (±1% deviation of full kick strength from the ideal
tory reqtuires both a 1% to 99% rise and fall time of 82ns [2]. levels) is used to determine two FOM's for each of the pre-
In order to achieve both the specified rise and fall time, a pulse, 'flat-top' and post-pulse periods: these FOM's also
kicker magnet which is terminated resistively may require take into consideration the predicted and specified rise-
four speed-up networks, which results in eight components times.
whose values are to be optimized. A methodology has been The resulting complex equivalent circuit has been anal-
developed which permits optimum values to be determined ysed in the time domain by utilizing the transient analysis
for these eight, components, with a minimum number of capabilities of PSpice [12]. The Analogue Behavioral Mod-
mathematical simulations. elling capability of PSpice has been utilized to calculate the

As part of the KAON Factory project definition study time integral of the deviation of the predicted kick from the
a prototype transmission line type kicker magnet has been ideal and specified levels. The powerful Goal Function ca-
built at TRIUMF [2]. This kicker magnet isbased on the pabilities of the Probe [12] post-processor are then utilized
design of those of CERN PS division [3,5]. The prototype to determine the FOM's. The Goal Function capability
kicker is a 10 cell magnet with a design value of 30 Q for of Probe has been used in conjunction with the Paramet-
the characteristic impedance [1]. The prototype magnet ric Analysis capability of PSpice to rapidly determine the
has been simulated for the PSpice studies reported in this value of a component which results in a minimum FOM.
paper. Ill. PROPOSED DESIGN METHODOLOGY

Ii. EQUIVALENT CIRCUIT The D.I.S.I. may significantly effect the optimum values of

Fig. I shows a block diagram of the equivalent circuit for the speed-tip network components connected on the input
the kicker magnet and pulse generator; connections, cable to tile kicker magnet, hence it is necessary to simulate the
plugs and sockets, as well as osses in the ferrite and mu- D.I.S.I. throughout the optimization process. The follow-
tual coupling between adjacent cells of the kicker magnet ing design methodology has been developed for identifying
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COAXIAL experience has shown that the S.L.S.I. should be simulated
prior to optimizing the values of the components associated

10.4J I p 9.9.0cm '.6cm with the 'speed-up' network connected in parallel with the
__dump-switch resistive terminator. This 'speed-up' network

-7"mainly compensates for the tail which the S.L.S.I. may
NPUT r- OUTPUT otherwise introduce: as the S.L.S.i. comes out of satura-

7.6cm : ... 4. . *.. .-. -. --- ,-- CURRENT tion magnetically stored energy is released into the system.
'1_______ isl__ lSHEATH When optimizing these component values, the optimum
I" RESISTOR SkwS values for the other three speed-up networks, as identified

(-76cm above, are modelled.
Experience has shown that it is not necessary to re-

ol)timize the values of the speed-up capacitors after the
resistor values have been optimized.

Figure 2: CERN PS Division Resistive Terminator The predicted results for the kick are relatively insensi-
tive to the exact value of the parasitic inductance associ-,optimum' values for speed-up network components, for ated with the speed-up networks.

a resistively terminated kicker magnet with a minimum IV. RESISTIVE TERMINATOR
number of mathematical simulations [9: The inner diameter (D) of the coaxial housing of the CERN

1. Simulate the main switch and dump switch resistive Tie termiator is tae (see Fig 2) thesigiR
terminator as being ideal. The ideal main-switch re- resistive terminator is tapered (see Fig. 2). This design
sistive terminator must be simulated as being directly permits the resistive terminator to withstand the pulsesisivetemintormut b siultedas eig diety voltage while minimmi.ing the parasitic inductance of the
connected on the output of ideal transmission line rs term i le PE2D thes paren itiind ut anc e the

(Fi. lý. imuat a pee-ti newok o th oupS terminator. PE2D) [131 has been utitlized to calculate tile
Simulate a speed-up network on the output inductance of the CERN PS Division resistive termina-of th e kicker magnet only:*thiskpeed-up m netwony istor [9]. Since PE2D is a two dimensional electromagnetic* this speed-up network is modelled as having a analysis package, it cannot simulate a tapered terminator.

resistor whose value is equal to the characteristic
impedance of the Pulse Forming Network (PFN). The Hence the PE2D analysis is repeated for several diameters,

between the minimum and maximum inner diameters, ofvalue of the speed-up capacitor is swept through a the tapered housing

range of values to identify an optimum; the gvered ingt
* subsequently simulate this speed-up network as hav- The overall inductance per metre length (Lp 0 ) of the
in ga capacitor whose value is equal to the optimum resistive terminator is calculated by using the stored en-
value identified above. The value of the speed-up re- ergy/unit length (integral B.H/2 ds), as determined using
sistor is swept through a range of values to identify an PE2D. The effective radius (r,) of current flow in the rp-
optimum value. sistor disks is calculated from this inductance.

2. A speed-up network with optimized values for the ca- -ID
pacitor and resistor is simulated on the output of the re= ' L ' (1)
kicker magnet. A speed-up network is simulated on 2 x e
the input of the magnet too:
* this input speed-up network is modelled as having Analysis of the results of PE2D simulations, for a given
a resistor whose value is equal to the characteristic driving frequency, shows that r, is independent of the inner
impedance of the PFN. The value of the speed-up ca- diameter of the coaxial housing. Thus, for a given driving
pacitor is swept through a range of values to identify frequency and resistivity of resistor disks, the PE2D anal-
an optimum; ysis need only be carried out for one diameter of a tapered
* subsequently simulate the input speed-up network housing: from a knowledge of r, the inductance per metre
as having a capacitor whose value is equal to the opti- length can then be calculated for any inner diameter along
mum value identified above. The value of the speed-up the length of the tapered housing.
resistor is swept through a range of values to identify The inside diameter of the resistor disks is 34.2nimm. Ap-
an optimum. proximately 30 disks, with a resistance of IQ each, may be

3. A realistic mathematical model of the main-switch re- used for a 30Q terminator. For a disk of resistivity 0.68QŽ-7m
sistive terminator is simulated, and speed-up networks (as per the CERN PS Division resistive terminator) the ef-
with optimized values for the capacitor and resistor, fective radius of the current sheath is approximately 6.1cm,
as identified above, are simulated on both the output and only increases by about 1% as frequency is increased
and input of the kicker magnet. A 'speed-up' network from IMHz to 60MHz. At 60MHz the current density in
is simulated on the input of the main-switch resistive the disk increases linearly, by about 16%, from the inside
terminator: to the outside diameter of the resistor disks. As a result
* the 'speed-up' network on the input to the main- of proximity effect image current flows on the inside di-
switch terminator is modelled as having a resistor ameter of the coaxial housing. Assuming a dissipation of
whose value is equal to the characteristic impedance of 60W per resistor disk, cooling of 0.02WK'.cm- 2 on all
the PFN. The value of the capacitor is swept through surfaces of a disk, thermal conductivity of the resistor ma-
a range of values to identify an optimum. terial of 0.0334W.K-'-cm- 2 [14], and a disk thickness of
* the 'speed-up' network on the input to the main- 25.4mm, the maximum predicted temperature, which is
switch terminator is modelled as having a capacitor 100K above bulk fluid temperature, occurs at a radius of
whose value is equal to the optimum value identified 45mm and halfway through the thickness of the disk [15].
above. The value of the 'speed-up' resistor is swept For a disk of resistivity 0.34Q2 • rn the effective radius of
through a range of values to identify an optimum. the current sheath increases by about 4% as frequency is

A S.L.S.t. (Switching Loss Saturating Inductor) may be increased front IMHz to 60MHz.
connected adjacent to the anode of the main switch thyra- The capacitance per metre length of a coaxial structure
trons [1,7]. The S.L.S.I. has several beneficial effects such is given by:
as reducing switching-losses in the thyratron, improving [
current rise-time, and reducing the effect of anode dis- 2 x__r x (X oX (2)
placement current [1,7]. If a S.L.S.I. is to be incorporated, = Ln 2( ))2
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resistor and capacitor associated with the 'speed-up' net-
- -- - ------- work connected on the input to the dump-switch resistive

99% terminator it is necessary to simulate the S.L.S.I.'s.
! 80% PE2D has been utilized to determine inductance and ca-

I apacitance data for the resistive terminators. A 'speed-up'
saturaing Inductors Pesent network on the input of each resistive terminator is effec-

pti 0tlized Sed-up Networks tive at dealing with the terminators non-ideal characteris-
N 644s tics. In addition the 'speed-up' network can be optimizedI48ns 6n
0 40% S to permit the tapered coaxial housing, associated with theE, TNO saturating inductors or

.S- t CERN PS division resistive terminator, to be manufac-
tured as a coaxial cylinder instead.
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sistor, whose value is equal to the characteristic impedance 1988, pp 71-79.
of the PFN, in the speed-up network on the input to the [6] M.J. Barnes, G.D. Wait, "Suppression of the Effect of
kicker magnet, damps some of the impedance resonances Thyratron Displacement Current upon the Field in the
which the beam may 'see' [10]. The resistor associated 30 0 Prototype Kicker Magnet". TRI-DN-91-KI70.
with the 'speed-up' network, connected on the input of M.J. Barnes, G.D. Wait, "A Mathematical Model of
the main-switch resistive terminator, does help to damp [7] a Three-Gap Thyratron Simulating Turn-On", to be
oscillations during the flat-top and post-pulse period. pbThedGap theraroeed ing t urNinth to be

A 'speed-up' network on the input of the resistive termi- published in the proceedings of the Ninth IEEE Pulse
nator is effective at dealing with the non-ideal characteris- Power Conference, June 1993. Albuquerque.
tics of the terminator. In addition the 'speed-up' network [8] T. Mattison, R. Cassel, A. Donaldson, H. Fischer,
can be optimized to permit the use of a cylindrical housing, D. Gough, "Pulse Shape Adjustment for the SLC
rather than the tapered coaxial housing associated with the Damping Ring Kickers". IEEE Conference Record of
CERN PS division resistive terminator; the diameter of the the 1991 Particle Accelerator Conference, May 6-9,
housing would be as per the input of the tapered housing, 1991, pp 3 1 5 6 -3 15 8 .
so as to maintain voltage withstand. With a suitably op- [9] M.J. Barnes, G.D. Wait, "Optimization of Speed-Up
timized 'speed-up' network, a cylindrical coaxial housing Network Component Values for the Resistively Termi-
results in virtually identical FOM's as a tapered housing. nated 30 Q Prototype Kicker Magnet". TRI-DN-91-

Fig. 3 shows two predicted time-responses for the 30Q K187.
prototype kicker magnet connected in a representative elec- [10] M.J. Barnes, H. Tran, G.D. Wait, Y. Yin, "Longitu-
tric circuit. The 'dashed' pulse in Fig. 3 is predicted dinal Impedance of a Prototype Kicker Magnet", Pro-
when there are no D.I.S.I., S.L.S.I. or speed-up networks. ceedings of this Conference.
The 'continuous' pulse in Fig. 3 is the prediction obtained
when the D.I.S.I. and S.L.S.I. inductors, and the optimized [11] M.J. Barnes, G.D. Wait, "Analysis of the Transient
speed-utp network values are utilized: the predicted rise- Response of Magnetic Kickers for the KAON Factory".
time (1% to 99%) is less than 50ns, as opposed to 164ns TRI-DN-89-K75.
without saturating inductors or speed-up networks. [12] Microsim Corporation, 20 Fairbanks, Irvine, Califor-

VI. CONCLUSION nia. U.S.A. Tel. (714) 770 3022.
A sequence which may minimize the number of mathe- [13] Vector Fields Ltd, 24 Bankside, Kidlington, Oxford.
matical simulations required to optimize the values of the OX5 IJE. U.K. Tel. (08675) 70151.
speed-up network components has been developed. Ini- [14] A.B Publication 4901, May 1986, General Hybrid,
tially the main-switch and dump-switch resistive termina-
tors are modelled as being ideal and the speed-up networks Jarrow, Tyne k Wear, U.K. Tel (091) 489 7771
on the output and input of the magnet are optimized, re- [15] Private Communication with T. Hodges, University
spectively. It is necessary to simulate the D.I.S.I. while of Victoria, Victoria, B.C., Canada.
optimizing these speed-tup networks. Subsequently a re-
aistic main-switch resistive terminator is simulated and
the 'speed-up' network on the input to the main-switch
terminator is optimized independent of the other speed-
up networks. In order to properly optimize values of the
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Test results of the 8.35 kA, 15 kV, 10 pps pulser for the Elettra Kickers

R.Fabris, P.Tosolini

Sincrotrone Trieste,Padriciano 99,34012 Trieste,ltaly

tbstract whole system forced us to investigate the possibility of using
With reference to the Conceptual Design of ELETIRA a single thyratron solution.

j1], the kicker magnets to be used for the injection into the 2 The configuration of a circuit able to operate in safe
GeV storage ring Elettra require to be supplied by a high peak conditions even for such high peak currents is presented and
pulsed current whose characteristics must be strictly controlled the results of the most relevant tests at 8800 A peak current,
over a long period of operation. A thyratron friendly circuit at 10 pps repetition rate are reported and discussed.
configuration, based on a capacitor discharge type power pulser
with a resistive recovery, has been designed and tested at 8800
A peak current, 10 pps, showing the ability to operate for II. THE POWER PULSE CIRCUIT

more than 2 million pulses without any fault firing and with
no significant degradation of the thyratron. A. General consideranons

I. INTRODUCTION The capacitor discharge power circuit with the magnet
inductance L and the resistive recovery path (diode D and

After a long and accurate analysis of the problem the resistor R) is shown in fig. 1.
following parameters for each Kicker have been defined, as it
is shown in table 1. 1.50

ferrite core

Table 1. Kicker Magnet main parameters. R

Electron beam energy 2 GeV r

Deflection angle 22 mrad 00 L
Magnetic core length 600 mm Supply I 1nF L
Free aperture 90 H x 48 V mm C 1154
Peak magnetic field 0.22 T Pearson
Magnet inductance 1.5 gtH
Total inductance 2 piH to the scope
Peak current 8350 A
Charging voltage 15 kV fig. 1 Simplified scheme of the power pulse circuit.
Pulse duration 5 its
Pulse repetition rate 10 pps The capacitor C is charged up to the full voltage, then

when the thyratron THY is fired the anode voltage falls down
It should be pointed out that the mandatory characteristics to its conduction value. If the time constant of the recovery

are: path is high compared to the pulse duration, at the moment
I - the intensity and the shape of each pulse; when the anode current reaches the zero crossing point, i. e.
2 - the perfect synchronism between the four Kickers; when the thyratron switches off, the anode rapidly jumps to a
3 - the absolute identity of the pulses even during long reverse voltage which is comparable to the full voltage.
periods of time. The tube manufacturer usually recommends to stay within

a specified negative voltage value (10 kV) within the first 25
The power pulser is based on a capacitor discharge circuit: jts after the zero crossing; if this prescription is violated then

a capacitor is charged up to the full voltage, then it is the thyratron, which is still highly ionized, could arc back and,
discharged by means of a thyratron switch, which is triggered if the current or voltage values exceed the thyratron maximum
when the pulse is required. ratings, could cause the circuit to oscillate.

Because of the intensity of the current pulse the use of Moreover the reverse arcing causes an evaporation of the
thyratrons connected in parallel could be adopted as well, but cathode emissive coating and a severe damage to the electrodes
the required compact design of the injection section, the surface [2], thus shortening the lifetime of the tube.
problem of sharing the current in a correct way without The reverse conduction also produces a short negative
increasing the jitter and moreover the needed reliability of the current pulse, which is strongly dependent from the

characteristics of the thyratron; these ones cannot be exactly
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the same for the four Kickers of the injection section, thus - the heathers, grid bias and drive requirements, as the
lowering the efficiency of the injection process. relative cooling and mechanics, remain for this tube quite

In order to obtain a safe long term operation with such a contained with respect to what is needed for bigger devices,
high current, friendly circuit conditions for the thyratron are to allowing efficient and relatively simple circuitry and compact
be found. overall size of the system with increased reliability.

An effective solution has been reached lowering the
recovery stray inductance to a minimum practical value, then C. The bias circuit
trimming the recovery resistance to an optimum value (in the
range of 1.5 Q2) and adding a saturable inductance in series with Taking into account the required tube performances,
the thyratron's anode. It is possible to show that, in these special care has been taken in the design of the thyratron bias
conditions the anode current reaches the zero value with low circuit. The chosen configuration is characterized by the gridl
derivative, thus reducing the negative anode voltage to a safe DC primed and by the grid2 pulsed.
value (below 1kV). The cathode and reservoir filaments have been

independently supplied stabilizing the AC mains and then
B. The thyratron using shielded adjustable step-down transformers, with a NTC

protection against inrush currents and with local decoupling
The thyratron used in this application is a E E V capacitors. This allows to minimize the intrinsic jitter of the

CX1154, a deuterium filled tetrode ceramic thyratron with tube.
separate reservoir; the absolute maximum ratings are The gridl and grid2 bias circuit has been connected to the
summarized in table 2. same stabilized AC mains; after a rectification and a

smoothing, the grid l has been primed with 140 V open
Table 2. CX1154 maximum ratings. circuit, 130 mA DC, while grid2 has been biased with -130 V

DC voltage. This circuit include also the grid2 fast pulse
Anode: driver that converts a logic level trigger signal into a positive
peak forward voltage 35 kV slope pulse with a peak voltage of about 800 V, a rise time of
peak inverse voltage 35 kV 20 ns and a duration of 2.5 pts.
peak forward current (high prr) 3 kA In this way the requirements for a correct tube operation
peak forward current (prr < 60 pps) 4 kA are fully satisfied.
peak forward current (prr < 0.1 pps) 15 kA
average current 3 A
current rise rate (high prr) 5 kA/ps III. TEST RESULTS
current rise rate (low prr) 100 kA/pts The power pulse circuit is characterized by the following

components:
Even if the 8350 A peak current of the Kickers is high - Kicker Magnet (inductance 1.5 tH)

with respect to the nominal current ratings, the following

consideration suggested us to investigate the possibility of - Thyratron EEV CX 1154
- Low inductance oil filled capacitor 800 nF, 25 kV,using a EEV CXI1154 in this application: made by NWL

- the maximum anode peak current capability rapidly -Ferrite core Thomson T22

increases as the pulse repetition rate is reduced, starting from 3 - Resite recov syt mb l

kA at high prr, to 15 kA in single shot-crowbar operation, - Resistive recovery system made up by a parallel of 5
proide tat hepule as i- tles tan0. A- san a ff connections, each connection made by a high voltageprovided that the pulse has a i • t less than 0.1 A • s and a prr diode SEMIKRON ItSK E 100000/4500-1,2 and a

less than 0.1 pps; similarly the anode current rise rate ho de low incc E resistor.

increases from 5 kA/ts at high repetition rate to 100 kA/ls in he ade voltage has b en itore
singe sot-cowbr opraton;The anode voltage has been monitored with a high

single shot-crowbar operation; voltage probe TEKTRONIX P60 15, the current with a pulse

- the average current of the system is about 0.3 A which curre trore PEARONI P A01 V) the t rigge
is afactr 10smaler han he 3A mximu ratng;current transformer PE ARSON I110A (0. 1 V/A) and the trigger

is a factor 10 smaller than the 3 A maximum rating; signal has been sent directly to :a digital oscilloscope. Typical
- the operating voltage is less than a half of the tube waveforms of the anode voltage and of the current pulse are

maximum rating, so there is a wide range of possibility in shown in fig. 2.

adjusting the reservoir voltage to obtain a good compromise The digital oscilloscope has been connected to a PC

,unong voltage hold-off, recovery time and current rise rate Te bygmean of a as bodn order to m th
durig te tue lfe;computer by means of a GPIB board in order to monitor the

during thebe tub e life; three signals; the status of the thyratron, i.e. filaments, grids
- a suitable rechoke network allows to control the anode voltage and current, has been monitored as well by means of a

invcrse voltage keeping it within a small amount, which is I/O boalrd.
useful to quickly turn off the thyratron; in this way the
accidental refiring of the tube can be avoided even at such high
current levels.
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long term operation of the thyratron with respect to electrodes
CHI I• 9V " r,,, ...... -T-y 477-d-- degradation;

I16.4 De_..•P s Doi F'1/d - the number of power and trigger pulses have been
W .monitored as well showing a total absence of fault fires, i.e.

..... ........ .. .. . the number of trigger and power pulses have been exactly the
f ;kAI same during the whole test; this is very important for the

Kicker Magnets which are installed directly in the storage ring,
because an unmatched kick would kill the whole electron

IV. CONCLUSIONS
. The test results achieved until now allow the following

conclusions:
- the EEV CX 1154 is an adequate device for this

fig. 2 Anode voltage and current pulse waveforms, application even if the peak current levels are high; a correct
chan. 2: anode voltage 5 kV/div biasing and triggering is essential to have optimum
chan. 1: current pulse 2kAldiv performances and a good reproducibility of the current pulse;

- the efforts to arrange the circuit in order to keep the
The delay from the trigger pulse and 1/3 of the peak inverse voltage drop across the thyratron have been one of the

current value has been evaluated and the general status of the principal goals in designing this system because this
working system has been output on the computer display as it parameter is directly connected with the thyratron ageing; the
can be seen in fig 3. higher is the inverse voltage drop, the lower is the lifetime of

the tube;
bil l.es I..rw - no significant degradation in the parameters of the

7.7-1 . - - 5.251 weIts . thyratron has been noticed showing the ability of the system
- UjI Ji to operate in safe conditions during a long period of time.. U.Il 4dl in 731Wn 1.3 4

,,, 1t3 11W 112 1 otihle
t.,I Ieilt I ,g,,l -154.1 eat" 211" V. REFERENCES

tS 1.: 1-1 + - -- UOem
. " - [1] The ELETIRA conceptual design report", April 1989.

,M 1?i -V WM [2] G. Mc Duff, K. Rust, "Life extension of thyratrons in

v IBM •' ".L' -j.. - short pulse circuits with the use of saturable magnetic
tM Ii. sharpeners", IEEE 19th Power Modulator Symposium, S.
t_ \__ . I Diego, CA, June 26 - 28, 1990.

L Wl 11i 2u/dsli

fig. 3 Waveforms and signals during the test.

More than 2 million pulses at the nominal repetition rate
and at a current value 5% higher than the nominal one required
at 2 GeV have been shot and some point can be remarked:

- keeping constant the charging voltage, the peak current
value always remained the same within the PEARSON +
oscilloscope accuracy;

- the delay between the trigger pulse and 1/3 of the
current pulse peak value showed a total jitter which is less
than the corresponding sampling interval of the oscilloscope;

- all the monitored parameters of the thyratron did not
show significant variation during the test; in particular no drift
toward dangerous values has been noticed suggesting a safe
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Preliminary Testing of the LEB to MEB Transfer Kicker Modulator Prototype*
G.C. Pappas,D.R. Askew

Superconducting Super Collider Laboratory
2550 Beckleymeade Avenue, Dallas, TX 75237-3997 USA

Abstract to 40 kV in 1.8 mis, has been fabricated. A schematic of the

The extraction kicker for the Low Energy Booster (LEB) is charging supply and test circuit is shown in Figure 2.The DC
used to deflect a 12 GeV/c proton beam from the synchrotron power source is a commercially available 300 V, 8 A supply.
into a transfer line. A kicker system of similar design is used to The capacitor bank consists of fifteen parallel 680 ItF, 350
inject the beam from the transfer line into the Medium Energy WVDC, electrolytic capacitors. The SCR is a S 1 5CG I 2AO,
Booster (MEB). The modulator requirements for these kicker stud mounted type. Low voltage testing of the charger showed
systems are to deliver a pulse train of seven 1.6 kA, 2.5 ts pulses that all components performed as designed.
at a pulse repetition frequency of 10 pps, every seven seconds
for one hour. The impedance of the modulator is 12.5 U, result-
ing in a charge voltage of 40 kV. The 10-90% rise time of the
pulses is 20 ns, and the 1-99% fall time is 2 gts. The allowable SISCGI2AO
pulse ripple is ±1% of the peak current during the pulse, and 0.5 Q S2HVMI0 RG-220 2.5 K.

+0.3% from pulse to pulse. The shot -to-shot timing jitter re-001
quirement is less than 2 ns. This paper describes the design and + 10 inF pF

performance of the prototype modulator which was fabricated 1  0.1 AT
to meet these specifications. 3:3

300 vdc 1:147 CXi573CC'*

I. INTRODUCTION

A LEB extraction kicker prototype power system has been Figure 2. Charging Supply Test Circuit
fabricated at the SSC. This system consists of a command, res-
onant charging system, a coaxial cable pulse forming line, and The circuit was tested by gradually increasing the voltage,

a thyratron switch tube, which delivers a 1.6 kA, 2.5 lis pulse to at repetition rates of less than one Hertz. At a charge voltage of

two parallel-connected magnet loads terminated by matching approximately 30 kV, and a PRF of 0.9 Hz, a "double current

resistors [1], [2]. A photograph of the power system is shown in pulse" was observed. This double pulse could also be seen at
Figure 1. lower voltages as the PRF was increased. An oscillograph of

this pulse is shown in Figure 3.

Figure 1. LEB Extraction Kicker Power System Prototype
(The PFL is shown in foreground, with the charging

tank on the left and modulator to the nght) Figure 3. "Double Current" Charging Pulse (Primary

current is 100 A/div, secondary voltage is 5 kV/div,

II. THE CHARGING SYSTEM time base is 500 Its/div)

A prototype of the charging power supply designed to One possible explanation for this phenomenon is that the
charge four 254 m, parallel connected spools of RG-220 cable, open circuit inductance of the transformer is below that speci-

This work s of En- fied. A low open circuit inductance would allow enough mag-
Su r supported by the United States Dparen netizing current to flow in the transformer at the end of the pulse

ergy under contract DE-AC3589ER40486. to latch the SCR. Several hundred microseconds later the trans-
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former saturates, and the double pulse is seen. It has been proposed to charge two PFLs with one charger

The open circuit inductance, leakage inductance, and the in the final system. This topology would limit the number of re-

winding capacitance of the transformer were measured with an flections caused be a load arc to one, and should not require a

HP 4284A LCR meter. The open circuit inductance was highly hollow anode tube. SPICE analysis of this topology has been

dependant upon frequency, and the transformer resonates at ap- run and show that the ordered transformer should be adequate.

proximately 380 Hz. The measured values at 300 Hz were 100 Pulsed core reset will probably be required. The present charger

mH for the open circuit inductance, 104 , H for the leakage in- and modulator design will allow testing of this topology.

ductance, and 374 pF for the winding capacitance. The specified
values were >450 mH, <145 , H, and <10.8 piF respectively.
All of these values are referred to the primary. SPICE analysis
of the charging circuit was run with the measured transformer
parameters. The results of this analysis is shown in Figure 4, and
verify that the SCR does not commutate at the end of the pulse.

Figure 5. Charging Waveforms (Primary current
at 100 A/div. secondary voltage at 5 kV/div, and

..t time base at 500 pts/div)

III. THE MODULATOR

- A photograph of the modulator section of the kicker power
system is shown in Figure 6. A tail biter tube has been added to

Figure 4. SPICE Analysis Showing the SCR Latching the modulator to provide pulse width control, to protect against
(Pitis 2shn aload arcing, and totestdifferent topologies of the pulse forming
is 2 ms/div) line. EEV CX 1573CG hollow anode tubes are used in the pro-

Another transformer with twice the core area and twice the totype to guard against current reversals in the event of a load
arc. Cathode heater. reservoir, and bias power supplies are lo-open circuit inductance has been ordered. In order to continue cated on a floating deck inside the modulator tank. Grid drivers

testing while waiting on the new transformer, force commuta- aegone.wt h n ussculdtruhoet-n
tion of the SCR was investigated. However, a suitable commu- arune tronded s asin th e t plld dthrough one-to-one
tating circuit could not be found because of the very low pulse transformers also in the tank. All grid drivers, mad low
ttimpeng eothprimar circuit.co b f d bcause ot the t v he low n voltage electronics have been tested, and perform to the design
impedance of the primary circuit. It was estimated that the open requirements. Custom high voltage connectors for the RG-220
circuit inductance could be doubled with core reset, so a tertiary cable have also been tested and meet design specifications.
winding was wound around the secondary to carry a DC reset
current. The tertiary winding had sixteen turns, one fifth the
number of the primary, and carries 15 A to reset the core. This
approach did not work because the impedance of the tertiary cir-
cuit was the output stage of a power supply, or essentially a short
circuit. Isolating the tertiary circuit with an inductor was inves-
tigated, but the required inductance was approximately 20 H
which is not feasible for an air core inductor. Further SPICE
analysis showed that adding a small capacitor directly across the
secondary could provide enough reverse current through the
SCR for circuit commutation. A 700 pF capacitor was placed
across the secondary, and the SCR now commutated. Figure 5
shows an oscillograph of the charging waveforms with the sec-
ondary charging to 35 kV at a PRF of 10 Hz. The charging sys-
tem was tested to 40 kV secondary voltage at 10 Hz. The storage
capacitor finally began arcing, as the capacitor was only rated
for single shot duty. Further testing was postponed to fabricate
the modulator.

Figure 6. The Prototype Modulator.
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The fabrication of the modulator section was finished only
a few weeks before the writing of this paper, so only very pre-
liminary data is available. Figures 7 and 8 show the load current ....... ___...........

rise time and flat top respectably. Figure 9 shows the entire load
current pulse. The poor rise time current, and flat top may be ex- i
plained by several different hypotheses. Calibration of the .-
probes has not been completed.The resistive load designed for
the system has not been delivered at the time of writing. A tem-
porary load was fabricated using four 50 Q Carborundum type
1028 resistors mounted in individual coaxial housings. The
measured resistance of this array is approximately 16 Q Reflec- ---- . - --- --.....--

tions from this load are clearly visible at the end of the pulse, - . -

but deleterious effects on rise time and flat top are not
known.The coaxial housing for the switch tube could not be
built to be 12.5 (0 because this would require placing the inner
diameter of the housing inside of the switch tube grid flanges. -t..00000 us I. 50000 us 4.00000 us

The actual impedance of the housing is probably between 30 to 500 ns/div reeltime

60 Q, with an electrical length of approximately 10 ns. Again
there has not been time to characterize the housing, but this Figure 9. Load Current Pulse at 200 A/div
match could explain the steps seen on the rising edge of the cur- (Time base is 500 ns/div)
rent pulse. If the tube housing is found to be the problem, an The last possible cause for the poor pulse fidelity may be attrib-
easy fix could be to add discrete capacitors axially along the uted to not properly setting the reservoir heater voltage. Testing

the effects of cathode heater, reservoir, grid bias and grid drive
voltages, as well as grid triggering delays will be explored. Fu-

_---- _ture testing will include timing jitter measurements, pulse-to-
. pulse ripple, and prefire and misfire rates.

_IV. CONCLUSIONS

The charging system has been fully tested for functionality.
The system meets or exceeds all design specifications, however
much more testing needs to be done to get reliability data.The
initial testing of the modulator is encouraging. Pulse fidelity

-i_ does not seem to be within the requirements of the kicker spec-
ifications, but testing has just begun, and several easily correct-

-1.0000 us 1. 50000 us 4.00000 us ed problems have been identified. The modulator has been run
500 ns/dtv real ttme at charge voltages of approximately 35 kV, at a PRF of several

Hertz. No arcing, prefire or misfire problems have been identi-
Figure 7. Load Current at 16 A/div, Peak Current is fled. Full characterization, and tuning of the charger and modu-

1468 A (Time base is 500 ns/div) lator, is scheduled for completion by the late summer of 1993,

when high voltage testing of the kicker magnet will begin.
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Figure 8. Load Current at 200 A/div
(Time base is 20 ns/div)
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A Novel Technique for Pulsing Magnet Strings with a Single Switch*

R. J. Sachtschale, C. Dickey, P. Morcombe
Duke University, Free Electron Laser Laboratory

Box 90319 Durham, NC 27708-0319

Abstract the Stored Beam Path. Kickers KI and K2 kick a stored
bunch as shown. This action places the stored bunch closer

A new approach to switching a succession of kicker magnets to the injected bunch. Upon leaving the Septum the kicked
using a single switch will be described. This technique can stored bunch and the injected bunch are off axis of the
be used when different timing delay and power inputs are Quad. The Quad bends the off axis bunches back to-
needed for each kicker. The approach is straight forward ward the stored beam path. Kicker K3 then straightens
and is limited only by the pulse length. Timing jitter be- the bunches into the stored beam path.
tween kickers becomes a function of the switch diodes and For this approach to work, all three kickers must have
the transmission lines, rather than the accumulated jitter the same general pulse shape, but with differing ampli-
of individual switches. It is likely that this approach can tudes. Also they must be rigidly phased with each other.
be used whenever a repeatable pulse train, with arbitrary In our case it is also important to keep the expense of the
individual pulse amplitudes, needs to be generated from a system within a very modest budget. To achieve these re-
single switch and trigger. quirements a circuit using a single switch was developed to

switch all three kicker magnets.

1 Introduction

At the Duke University Free Electron Laser Laboratory 2 Switching Circuit
electron bunches will be injected to a storage ring from a 2.1 Overview
1.2 GeV linac. In order to achieve the design goal of 1 am-
pere, average e-beam current, the bunches circulating in The switch circuit is shown in Figure 2. The kicker
the storage ring must be augmented by injections from the magnets, KI-K3, are essentially lumped inductances. The
linac. This is done by making a stored bunch execute a chi- kicker Pulse Forming Networks and Delay Lines are made
cane pattern in the injection area as shown schematically from four lengths of RG-213 in parallel. All of the PFNs are
in Figure 1. the same length. The delay lengths are varied to provide

the appropriate timing skew between the kickers.
Each kicker has three diodes associated with it. They are

labeled in figure 2 as; Isolation, Clamp and Termination.
-: The termination diode keeps the PFN voltage from going

negative. The magnet and PFN are switched into a shorted
load(ZL - 00). For the PFN, Z, = 12.5Q. Since Zo > ZL,

K1 K2 SEPTUM K3 the voltage at the termination end of the PFN will try
to reverse polarity. The termination diode and resistor
prevent this.

QUAD PS 1 through PS 4 are programmable high voltage power
supplies with high impedance outputs. The first three
charge the PFNs to a level that will supply the required

......... Injection Path magnet current when switched. The fourth supply is set
higher than the others so that the isolation diodes are re-

Kicked Stored Beam Path verse biased. The isolation diode, when reverse biased,

Stored Beam Path isolates the PFNs from each other so they can be charged
to different levels.

When the switch is closed, the delay lines discharge.
Figure 1: Schematic of Injection Section The voltage on the delay line will try to reverse when it

reaches the diodes. This will cause the isolation and clamp-
There are three beam paths represented in figure 1. They ing diodes to become forward biased. The clamping diode

are; the Injection Path, the Kicked Stored Beam Path and clamps the magnet to ground. This is important becaus,,

"Supported by the United States Air Force Office of Scientific reflections will occur in the delay line and degrade the mag-

Research, contract AFOSR-90-0112. net circuit if the magnet is not clamped to ground.
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S~~Isolation ,• ................. .. ........... .................
Diode •

__ K1

IPFN TerminationS_ _ •_LDiode -
/•Clamp ,

Diode

Delay Line .. ..... ---
Isolation M. .. ..~~~D io d e _[" " . . . • ..

SK2 -

PS -2- h- Termination
-Diode Figure 3: PSPICE Modeled Magnet Current

Diode •During the initial phase the kicker circuit consisted of
Delay Line •only the magnet and PFN with a diode/resistor terminator.

SIsolation The magnet and PFN were charged to 30 kilovolts and
_Diode discharged through a hydrogen thyratron switch, once a

K3 second. (The pulse repetition rate for injection from theI- n Terminlinac to the storage ring is 1 pps). The circuit was life testedPFN Termination for 1.25 million pulses. The only degradation observed inDiode the diodes was an increase in leakage current.
Clamp The outer insulation was removed from the PFN cablesDiode and they were wound around a 12 inch diameter by 18PS4 Dd inch long copper tube. This was done to keep the outer

"conductor resistance as low as possible. The assembly is
placed in transformer oil. The cable has been in service forover a year, with more than 2 million shots at 30 kilovolts,without a failure.

Figure 2: Schematic of Switch Circuit 2.3 Present Development

To improve switch performance the hydrogen thyratron2.2 Initial Development was replaced by a Maxwell Labs 40184 spark gap. This
spark gap is rated for 15-35 kilovolts with less than 1The circuit was modeled with PSPICE. The modeled mag- nanosecond of jitter when used with a Maxwell Labs 40168net current is shown in Figure 3. It was tested at low 'Trigger Generator.level using an avalanche transistor as a switch and 1N4004 We are testing a single branch of the circuit shown indiodes. The circuit performed as the PSPICE model pre- figure 2 (i.e. just one kicker magnet). The overall pulsedicted. The circuit then had to be scaled up to operational shape in the magnet is good put contains small oscillationslevels. from reflections in the delay line of the trigger circuit. If theThe diodes used must withstand 2.5 kiloamps surge and clamping diode turns on properly and clamps the magnet30 kilovolts. At the suggestion of W.M. Portnoy at San- to ground, the oscillations from the trigger leg should notdia Labs, uncased diodes were selected. These are raw be present.diodes from standard stud mounted cases. Diodes can be To test this, the clamping diode was removed from thefound that are rated for 1800 volts and 2850 amperes surge. circuit. The circuit performed identically with or withoutWhen stacked, a compact package can be designed for a the clamping diode. The waveform is shown in Figure 4.wide range of standoff voltages. Various techniques are being discussed and tested to makeA holder was designed to stack the diodes. Between each the diode turn on and clamp the magnet to ground.diode is a 25 mil aluminum disc. The holder compresses To turn the clamping diode on, the delay line must bethe stack for proper contact between each element. The able to sink more current than the magnet can initiallyholder fits into a copper microwave guide. The wave guide source. Since the magnet is a lumped inductance, it cannotis filled with transformer oil to improve voltage standoff source current instantaneously. The magnet inductanc,' isand heat dissipation from the large surge currents. estimated to be 400 nil. Recalling that the delay lint: is
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Figure 4: Normally Triggered and f b Figure 5: Self Triggered and f b

made of four lengths of 50SI cable, the inductance is less While switching the magnet with and without the clamp-
than 20 nH/ft. The cable used for these tests is only three ing diode in place, air bubbles or some other foreign debris
feet long. may have gotten inside the clamping diode assembly. There

We have realized that four cables in parallel aren't neces- may have been an arc to ground or possibly the clamping
sary for the delay line. That choice was made to keep sym- diode avalanched. Recalling our observations during leak-
metry with the PFN. The PFN uses four cables to keep age testing, photons from an arc may have triggered an
Z. low. Also, lower Z. requires less PFN voltage for a avalanche of the diode. If this is possible and reproducible,
given magnet current. If there is only a single 50SI delay a very fast, high power, optically triggered switch could
cable, the inductance will be 75 nH/ft but a larger volt- be made. A common feature of some diodes is controlled
age will be required to flow the same current. The same avalanche breakdown and we are investigating the avail-
current flowing through a larger inductance will sink more ability of such diodes.
current from the kicker circuit. Using a single length of
RG-220 will raise the delay line inductance and the volt-
age can be increased to maintain current levels through the 4 Results
higher impedance. The salient point being, delay line cur- Although a simple circuit at low levels, making it operate
rent flowing in a larger inductance will sink more current at the high levels required has been difficult. During devel-
from the circuit and turn on the clamping diode before the opment, much has been learned about all the components
magnet can begin to source current. in the circuit. The biggest difficulty has been in turning on

the clamping diode. Future experiments will involve using
3 Unexpected Observations a single length of RG-220 for the delay line part of the cir-cuit. Another area we look forward to investigating is the

While working with the diode disks some unexpected, but possibility of developing a high power, optically triggered

explainable observations were made. Each disk was tested avalanche switch.

for leakage at rated reverse voltage. The leakage current
rose and fell regularly at approximately three second in- 5 Acknowledgements
tervals. Our high voltage lab has a red rotating warning
beacon. It was determined that the light from the beacon We are grateful for the advice provided by W.M. Portnoy of
increased leakage in the diode due to the photo-electric ef- Sandia Laboratories in making compact pulse power diodes
fect. from stacked diode disks. Also the mechanical designs by

During testing the circuit self triggered. The B and f b Chris Ware and the technical efforts of Richard Taylor and
waveforms were nearly ideal. Figure 5 shows the wave- Rob Cataldo were indispensable.
forms and the magnet's potential as a kicker. We have not
acquired such clean waveforms via normal triggering.
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LINAC PULSED QUAD POWER SUPPLY
L. Bartelson

Fermi National Accelerator Laboratory
P.O. Box 500

Batavia, IL 60510

Abstract Drift due to system component aging and the required
Fermilab is updating the Linac by replacing one-half of pulse width forced the design towards a different
the system in order to double the beam energy. approach. The 3rd harmonic scheme was pursued to
Quadrapole magnets are used to focus the proton beam achieve a flattop which produces greater system
as it travels through the Linac. This paper describes the flexibility. The quadrapole magnet has an inductance of
power supply used to drive the magnets. The pulsed 1.8 mh and 0.5 ohms. Discharge energy is 108 joules
quadrapole supply generates a 2 ms half sine wave pulsed at a 15 Hz rate. The quadrapole power supply
pulse flat on top for 450 ps within +/- 0.2% of the (QPS) system was designed with a modular regulator
maximum current of 200 amps. The flattop is achieved chassis such that a defective unit with charged
by a third harmonic circuit added to the resonant components can be replaced safely. The main supply is
discharge circuit. Charge recovery is included in this a phase controlled brute force filtered supply capable of
system with > 70% being recovered. A total of four storing 4 kilo joules. The 3 phase controller was used to
pulsers are powered from one main supply. Remote enable greater flexibility and accuracy when the output
control systems are used to operate, send, and receive is changed from 100 % to 25 % of full output. A 3 bay
data. Each pulser unit common floats for minimum rack contains 8 pulsers, 2 main supplies, 2 control
noise transmission. Safety and minimum noise crates, and 1 smart rack monitor.
transmission were factors included in the design of the
complete system. THEORY OF OPERATION

INTRODUCTION A simplified schematic shown in Fig. #1 shows the
main components, voltage loop, and current feedback

Previous designs for this type of application have loop. The brute force supply consists of a 3 phase
used the basic resonant discharge circuit. The upgrade controller, delta wye transformer, bridge rectifers, and
system needed more pulse width and better regulation.
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LC filter. The transformer secondary is capable of 1130 need to be a factor of about 1.1 higher.
Vrms line to line. Final operation allowed us to connect V = 1. 1 x I peak x(Z 0+ R,,,,1 + R )
up to the 90% tap (1017). The LC filter has a pole of 4 (6)
Hz to minimize noise generated and AC line =l.lx200x(4.4+0.2+0.5)=l122 volts
disturbance.

Choosing the 1/2 wave pulse width of 2 ms, a LI of The equivalent circuit that the 3rd harmonic circuit
Imh, and the magnet inductance of 1.8 mh are the first capacitor has to match is shown in figure #2
decisions in the pulser design.

00 = 21r f = 1.57x10 Rad / Sec (1)

The energy storage cap is chosen by: 1

C 2 = 144 pt f (2) 0
(2t f) 2(LI+Lmag)

The impedance to discharge current is: , /12

Zj = j--CT = 2.8mh-/144mf =4.4W (3)

For the 3rd harmonic circuit: X XL =I X. + J (7)
XL I + XLM + XCI

Ro0= 4.71x10' Rad / Sec(4) (4) The equivalent circuit impedance at the 3rd
harmonic is 7.116 ohms therefore the reactance of C3

Solving for the amplitude of the 3rd harmonic by must be equal to this value.

taking the 2nd derivative of the following equation and 1 =30 .f (8)
setting the function equal to 0. 3o 0 X

f(t) = Sin (b t + A Sin 3 w 1 The actual magnet current needed is 175 amps. The

A = 1 / 9 third harmonic current will be about 1/9 of this current
or 19.4 amps.

The 3rd harmonic reduces the peak current by 1/9 Circuit analysis plots were done using spice with

therefore the charge voltage on the main cap (Cl) will various component changes. The circuit could be

o ~~~ ~ ~ c- #c /LS3 1 IX

sc #12

>11

) (v)

134
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configured without L3 if one put an initial charge on
C3. This change would mean a floating supply is
needed to charge this cap. Due to simplicity and
reliability L3 was left in the circuit and C3 starts the
cycle with a 0 volt charge. Changing the gap in L3
allows one final method to adjust the flattop width.

The energy discharge cap (Cl) is charged by
turning on SCR #4, #5, and the GTO as shown in figure
#3. After the loop comparator is satisfied a stop charge
is applied to the GTO to end the charge cycle. The
discharge cycle generates magnet current and is started
by turning on SCR #1. After a small delay SCR #2 is
gated on, this generates a faster rise in the magnet
current and produces the charge needed on C3 for
flattop. When the current in SCR #2 drops to 0, then
SCR #3 is turned on which generates the current needed
to produce a flattop current wave form in the magnet.
Adjusting the turn on time also adjusts the tilt during Magnet current showing flattop current
flattop. SCR #2 is turned back on after SCR #3 shuts off 200 ma/div @ 50Ops/cm
to discharge C3. Charge recovery is initiated by gating
SCR #6 on which allows the current to flow through L2
which resonates with C1 and flips the charge on this Acknowledgments
cap.

The author would like to thank J. Dinkel and C.
IMPLEMENTATION Jensen for their original ideas on the 3rd harmonic

implementation.
Minimum noise would be transmitted if one had a

true bipolar source. Therefore the pulser common was
made to float so that both leads of the cable could
bounce with the signal producing a smaller noise signal
in the shield of the cable. Due to the capacitance to
ground of the large components a true bipolar source
was not achievable. However there is a significant noise
signal difference in the shield if one grounds the
common lead going to the magnet.

A control crate contains 4 timing modules, 4
regulator modules, 1 control module, and I power
supply module. The system will operate with this crate
in the stand alone mode or in a computer controlled
mode. Monitor signals are available at the front panel to
aid in system checkouts.

Operation of 8 pulsers have been running for 1 year
with very good results. The waveform shown was taken
from a unit operating at a flattop current of 175 amps.
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The AGS New Fast Extracted Beam System Orbit Bump Pulser*

J.S.Chang and A.V.Soukas
Brookhaven National Laboratory

Associated Universities, Inc.
Upton, Long Island, New York 11973

Abstract charging supply is doing nothing. This is why we looked for
a new, more reasonable method to recharge the capacitors.

The AGS New Fast Extracted Beam System (New
FEB) is designed for RHIC injection and the g-2 experiment, II. SYSTEM PARAMETERS
performing single bunch multiple extraction at the prf of 20
to 100 Hz up to 12 times per AGS cycle. Capacitor-discharge Each pulser has 4 AGS Main Magnet Back-Leg Wind-
pulsers are required to produce local orbit bumps at the fast ings connected in series as the load. The system parameters
kicker and ejector magnet locations. These pulsers have to are summarized as the following.131
deliver half-sine current pulses at 1 KA peak with a base
width of 5 msec. The discharge voltage will require approxi- Beam deflection 2 mrad per pair of magnets
mately 800V with a ±0.1 % accuracy. Direct charging will Peak Field 500 Gauss
require a charger too costly and difficult to build because of Peak Current 1000 A
the high prf. An alternative charging system is being devel- Pulse Rep. Rate 50 Hz, 1-12 times/AGS cycle
oped to take advantage of the 1.5 sec idle time between each Wave Form Half-sine with 5 msec basewidth
group of pulses. The charger power supply ratings and Inductance 1.2 mHy
regulation requirements are thus greatly reduced. The system Discharge Voltage 750 V
analysis and results from a prototype will be presented. Discharge Cap. 2110 uF

Discharge energy 593 J

I. INTRODUCTION Reproducibility ±0.1 %
No. required 4 pulsers

In previous fast extraction systems of the AGS, either
a single bunch was kicked out per cycle, or all 12 bunches 11. DESIGN AND ANALYSIS
were extracted in one revolution. In the AGS's New Fast
Extracted Beam system (NewFEB) the requirements are for A. Design and Circuit Realization
single bunch multiple extraction which normally extracts 3
bunches in a row, but with a capability of up to 12 consecu- Our design shown in fig. Ill. 1 has many advantages.
tive bunch extractions. This would normally not present a The charging supply does not directly charge up the dis-
severe problem but for the fact that it has to be accomplished charge capacitor C2. Instead, it supplies current into a large
at a pulse repetition frequency of 50 Hz. This requirement is capacitor bank Cl whose capacitance is I to 2 orders larger
set by both major users, the g-2 muon anomalous magnetic than C2. A large Cl is necessary to prevent excessive
moment measurement[ l1,which is statistics dominated and voltage drop in each successive charging of C2. C2 is
hence requires very high average beam intensity, and RHIC charged up very accurately through the switch G I which is
injectionl2]which should be accomplished as quickly as controlled by the feedback loop. When C2 voltage reaches
possible to prevent beam quality deterioration in its beam the reference level, GI opens and stops charging. CI is
stacking mode. DC supplies either cause beam orbit problems replenished to 850V, which is 100V higher than the dis-
in the AGS or equipment heating problems that are difficult charge voltage requirement of C2, from the charging power
or unreliable to overcome. Due to the amount of stored supply during the 1.5 secs idle time and is ready for the next
energy in the orbit deformation bumps and the ejection AGS cycle. The first immedirite consequen-e is that the
septum, large capacitor banks must be used. To charge these power supply current rating is greatly reduced due to the
banks in less than 15 msec, the charging power supplies long charging time. Secondly, the burden of accuracy is
would be complex and expensive to construct. A quick shifted from the charging supply to the feedback loop and
approximation shows that a 800V/30OA/0. I % charging power the switch G 1. An ordinary 3 phase off-the-shelf SCR
supply is needed for the task. Charging supplies of this power supply will satisfy the design requirement.
category can only be found in high frequency switching
technology. The charging power supply also suffers from low All circuit elements are readily achievable. Fig. 111.2
efficiency because between the 12th pulse and the beginning shows the system implementation in component level. GI
of the next AGS cycle, there is a 1.5 sec idle time which the has to withstand at least twice the supply voltage (2 x 850 =

1700 V) due to fly-back voltage of C2. Transistors are
"Work done under the auspices of the US Department of Energy.
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ruled out because the voltage is too high. A GTO appears to constitutes the pulse to pulse error.
be a good choice in implementing the switch G 1 for its excel-
lent voltage blocking, fast operating, and current interrupting The current interrupting level can be obtained as fol-
capabilities. An asymmetrical GTO will suffice because the lows:
voltage of CI is always higher than that of C2. Further, the
gate drives of GTOs are commercially available. Although C2 = (V, - 750) IR
have to be quality discharge capacitors due to voltage rever- V = 850
sal, CI can be implemented with inexpensive and high (n) (A vi)

capacitance-per-volume aluminum electrolytic capacitors.
These aluminum can capacitors have a maximum voltage where n = 1.. 12
rating of 450V DC; therefore, two stacks in series are needed Icut. = current interrupting level at nth recharge
in our application. Alternatively, resonant LC charging can V. = voltage of CI at the end of nth recharge.
be used provided the accuracy requirement is not too strin- The largest pulse to pulse discharge voltage variation is
gent.

B. Analysis Verr= (Icut1 -Icut 1 2 ) (25) (10- 6 )/C 2  (4)

The objective of this section is to calculate the charger and the percentage error is
power supply rating requirement and to discuss the source of
pulse to pulse error. %err = (Verr/750) (100%) (5)

1. Power Supply Rating
We also want to check the charging time t for each pulse to

The power supply rating is calculated using the law of make sure that it does not exceed the available time frame of
conservation of charge. In each charging process, the charge lOms (Recall that there is a 20ms period between each pulse.
loss from CI must equal to the charge gain by C2. There- 5 ms is used for discharge and 5 ms is used for energy
fore, recycling). Assuming Cl> > C2, the following charge

relationship can be approximated.

C1 A V1 = C2 A V2 (1)
t

t. ___ (V-,-V2 (6)
where aVI = Voltage drop of Cl per recharge fo (V- - e C2 dt=(C2) (A V2)

AV2= Voltage gain by C2 per recharge
Assuming the fly-back choke is able to recover 50% of the
initial C2 voltage, &V2= (0.5)(750)= 375 V. Since CI is
chosen to be 100 times larger than C2, &VI can be deter- where V2 = voltage recovered on C2.
mined. The total voltage drop of CI for 12 pulses is 45 volts. Solving for t.,
CI has an initial overhead of 100V more than the discharge
voltage of C2, therefore the 45 volts drop is well covered. Cl t,,=-RC1ln (1-A V2/(v,_1-V2) (7)
is recharged during the 1.5 sec idle time. The current rating
can be calculated.

We conveniently chose R = I ohm and again assume 50%

12(C1) (AV1)/1.5 = 6.33amp (2) C2 voltage recovery. The calculated results are %err
=0.07% and t,2= 4.2 msec. Both values are certainly
within the specification of the system requirement.

The minimum charging power supply rating is 850V and
6.33A. IV. PROTOTYPE RESULTS

2. Source of Pulse to Pulse error A scaled down prototype was built to confirm the
capability of the system. In reference to fig.III.2,

The source of pulse to pulse error comes from the GTO
turn-off delay which is approximately 25 us. Fig. 111.3 shows CI = 50,000 uf
the RC charging current wave form through the GTO. The C2 = 2,000 uf
initial charging current at the GTO turn-on for each pulse is Lo = 1 mIHy
successively lower for each extraction pulse, but the charging Lf = 1.8 mHy
time is longer. C2 is overcharged for 25us at a different R = I ohm
current interrupting level. The difference in overcharge
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CI was charged up to about 210 V initially and the reference
for the C2 discharge voltage was set to 150 V. Six pulses 1st rs/.

were fired at the rep. rate of 20 msec per AGS cycle. The Err\/ str ,;

peak current was measured to be 200 A. The current was
measured at point A in fig.III.2. Fig.IV.1 shows the volt- .

age(upper trace, 50V/div) and current(lower trace, 100A/div) t

of the discharge bank C2 for the first 2 pulses. The positive
half-sine current pulse is the discharge current going to the a, t

load. The negative half-sine current recycles the energy back 12 1th rech,,e

to C2 and recovers 73 % of the discharge voltage. The
negative trapezoidal current charges C2 from 110 V to the -j F -i -t

target 150 V. GTO t•ns, on 25.s 2u

The discharge voltage of C2 was measured using a Fig. 111.3 Source of Recharge Error
triggered 16-bit digital voltmeter over 10 AGS cycles. The
deviation of all the discharge voltages falls within ± 0.1%.
To achieve ±0.1 % for 12 pulses, CI will have to be larger.
CI is only 25 times larger than C2 in the prototype. a .l= I -0.04nr,- 20ý02H,

V. Conclusion

Both our analysis and prototype have demonstrated
encouraging results. Our design greatly reduced the current
rating of the charger. The control and accuracy of recharge
is shifted from the power supply to the feedback control loop -

which can be modified easily for different applications. We -r
have planned modifications to the reference and the feedback

control to achieve pulse to pulse modulation operating mode.

Figure Captions
Fig IV. 1 Discharge Voltage and Current

Measured at Point A in Fig. 111.2
{• Re (Upper Trace 50V/div)

(Lower Trace 100A/div)
(Time Base 5ms/div)
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Experimental Investigation Of High Voltage Nanosecond Generators Of
Injection System For SIBERIA-2 Storage Ring

Andrey Kadnikov
Russian Research Center - Kurchatov Institute, 123182 Moscow, Russia

Yury Matveev
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia

Abstract and main ring (1.5 - 2.5 GeV). The one turn injection
The injection system for SIBERIA-2 storage system [2] uses full-aperture kickers for injection

ring (Kurchatov Institute, Moscow) has been put into booster and from booster to main ring. This
into commissioning. The high voltage impulse scheme requires impulses for kickers with 7 -- 60
generators with double coaxial forming lines and kV amplitude, 15 -- 20 ns time length and very short
three electrode nitrogen filled spark gaps are edges. For high efficiency an essential time stability
intended for linac electron gun and fast full-aper- is needed (about 1--2 ns). Linac electron gun needs
ture kickers supply. The output impulses are up to 40 kV impulse.
60 kV in amplitude, 15 - 20 ns in duration with front
about 3 ns. A root-mean-square dispersion of time II. HIGH VOLTAGE GENERATORS
delay of gaps is 0.7-0.8 ns. The experimental results
of operation of the generators are presented. The high voltage nanosecond generators were

developed for kickers and electron gun supply.
I. INTRODUCTION Figure 1 presents a simplified scheme of the

generator.
The dedicated SR source SIBERIA-2 [1]

consists of linac (80 - 100 MeV), booster (450 MeV)

Spark gaps

U U/3 0

Doubile coaxial f~rming line

Start UP liep=500 /

U

Low soltr impulup g tor

Figure 1: The simplified scheme of high voltage generator.
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Double coaxial lines produce output impulses mean-square dispersion of time delay of the output
of electrical power with time interval equaling impulses after careful tuning and training of the
double passing time of electromagnetic wave spark gaps. The results of examining of time
through line. In each double forming line, two stability of the thyratron, the spark gaps and whole
spark's gaps with three electrodes are used for fast generator during working day are shown in figures
commutation of electrical power. Polarity of output 3, 4.
impulses depends on how gaps are connected up ATk. n U. uMV
between lines. The electrodes are made of
duralumin, because it is just this material that 0 62SO

provides necessary time stability. We can tune
electrical characteristics of the spark by changing - 624S

pressure of nitrogen (5 - 20 atmospheres) in the gap. 6240

An impulse hydrogen thyratron is used to start -
up spark gaps. All elements of generator, transport -2 0 623S

lines and kickers have wave resistance 50 ohms. An - /"" 3

impulse transformer with coefficient of -. -I_2
transformation about 100 charges forming lines to 2 0 4 0 6 0

output voltage. Start up circuit is charged to one

third output voltage due to capacity divider. Figure 3: Changes of filament voltage and time
A low voltage (800 V) impulse generator delay of thyratron during working time.

supplies a primary winding of the transformer. SF6
gas fills cables and lead-ins at a pressure 5 The permanent thyratron's time delay needs
atmospheres to increase electrical strength. stabilization of filament voltage not worse then 0.1%.

Resistance's and capacity's dividers (not shown After training during 2 hours, spark gaps show
in picture 1) allow us measure voltage and examine sufficient time stability.
shape of impulses.

A control system uses electronics in CAMAC -0 5
standard: microcomputer, ADC unit, etc. For time b- : - :-" ----------

measurements we use time-digit converter unit with -1.0 A
0.6 ns per bit resolution. Software can measure
average time delay, root-mean-square dispersion and
changes of these values during long time.

III. EXPERIMENTAL RESULTS -0 . .. -

An oscillogram of output positive impulse with . -2 --- __-

amplitude 60 kV is shown in figure 2. The spark 2 4 6 Tm-, lhour
gaps provide enough abrupt impulse's edges. The Figure 4: Changes of time delay of spark gaps (a)
leading edge is about 3 ns, an impulse's plate is 13 and whole generator (b).
ns, and trailing edge is 5 ns. AT, ni

11

2 5 5.0 7-5 10.0 "r-- --- ---

0 5 l i'5 0 25Figure 5: Time delay's increasing of positive (a) and
T, ns negative (b) spark gaps due to wear and tear of

electrodes during 12 days. Total number of impulses
Figure 2: Oscillogram of output impulse 60 kV in about 700,000.

amplitude.
With long operation time, erosion of electrodes

A negative impulse has roughly the same occurs that leads to increase of gaps. First it results
characteristics. We have gotten 0.7--0.8 ns root-
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in increase time of gaps and then leads to decrease For more detailed information on the subject, please

of operations stability of generator. contact us by the addresses given under the headline, or use e-of oeraions stbilty f geeraormail kuzn~ksrs.msk.su.

Figure 5 shows increasing of time delay of

spark gaps due to wear and tear of electrodes IV. REFERENCES
during 12 days. Total number of impulses about
700,000. o [1] V.Anashin, A.Valentinov et al, "The dedicated SR

The obtained results let us make a conclusion soreSBRA2,TePcednsfth 1thatthee hgh oltge enertor sut fr pwer source SIBERIA-2", The Proceedings of the 11-
that these high voltage generators suit for power th Russian Particle Conference, Dubna 1989,
supply of injection system for SIBERIA-2 storage p.277-280 (in Russian)
ring. [2] G.Erg et al. "Injection system for the SIBERIA-2

storage ring", these proceedings.
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Design and Preliminary Results for a Fast Bipolar Resonant Discharge Pulser Using
SCR Switches for Driving the Injection Bump Magnets at the ALS*

Greg Stover and Lou Reginato
Lawrence Berkeley Laboratory, University of California

I Cyclotron Road, Berkeley, CA 94720 USA

Abstract B. Electrical Specifications
A fast (4.0 pts half period) resonant discharge pulser using The physics of the injection process produced the

SCRs has been designed and constructed to drive the injection following electrical driving parameters for each magnet; a half
bump magnet system at the Advanced Light Source (ALS). sinusoidal current wave form with a period of 4.0 Its, a peakThe pugser employstem at sheries-parlel angemt Sofe Sin current of 3300 amperes, a reactive voltage of 6000 volts, andThe pulser em ploys a series-parallel arrangem ent of Silicon a m xi u re rs r co ry mp t de f <1 0 of he e ka maximum reverse recovery amplitude of <1.0% of the peak
Controlled Rectifiers (SCRs) that creates a bipolar high forward current in the magnets.
voltage (+/- 10 KV), high peak current (6600 amps.) and a
high di/dt (6000 amp/ps) switch network that discharges a C. Overall System Layout
capacitor bank into the magnet load. Fast recovery diodes in The sinusoidal current wave form is generated by the
series with the SCRs significantly reduces the SCR turn-off resonant discharge of a capacitor bank through an electronic
time during the negative current cycle of the magnet. The SCR switch into the predominantly inductive magnet load. The
switch provides a very reliable and stable alternative to the gas hydrogen thyratron is the switching device usually specified to
filled Thyratron. A very low impedance transmission system handle the voltage and current levels required for this system.
allows the pulser system to reside completely outside the Unfortunately, thyratrons have reliability problems and

storage ring shielding wall. lifetimes that are limited to a few thousand hours or less[ Il]. In
the face of this situation, we decided to develop a solid-state
switch using off-the-shelf, very reliable, high voltage, high

I. INTRODUCTION di/dt, Silicon Controlled Rectifiers (SCRs).
The basic topology for the pulse system is shown in

Injection into the storage ring (SR) employs a well proven Figure 1. The bump magnets are connected by a very low
technique of stacking in radial phase space. Prior to injection, inductance transmission network to four parallel bipolar SCR-
the SR closed orbit is deflected (15 mm max.) in a sinusoidal capacitor discharge modules that are shown in Figure 2. The
manner towards the injection septum by two pairs of bump modules are charged by two opposite polarity high voltage
magnets. At the peak of the sinusoid wave form a packet (I to power supplies.
10 bunches) of 1.5 MeV electi ons is extracted from the booster
synchrotron, transported through the extraction septa, the
transfer line, the injection septa, and into the storage ring. This Upstream Bumps
paper will discuss the design of the electrical system that Xs. YK217 +comp. inductor
drives the SR bump magnets.10KT U

(ý+X4 lJ X8 YK217v

II. SYSTEM DESIGN SCR/Capacitor X8 YK21741Ll V Modules I

A. Magnet Specifications _ X,
Each bump magnet is constructed in a window-frame Downstream Bumps

geometry with a nickel-zinc ferrite core and is energized by a + delaycable
single-turn copper conductor. For ease of maintenance and cost Figure 1. Bump pulser system.
all the magnets were designed to fit outside the vacuum
chamber. The chamber is made of a high-alumina ceramic and Z Z,*d. 2,0 -V
has a Titanium Molybdenum semiconductive coating that has I ... i
been thermally evaporated or :he inner surface of the tube. The 9WX
coating provides a consistcnt and predictable electrical 32f.
impedance to the electron beam with enough resistive loss io is.f
minimize the magnetic field cancellation effects. 1 '

The purpose of the SR bump magnets driver is to produce 3_2l .
the temporary (4 ps) desired beam deflection to accept the M- o,, ,
electron packet while minimizing induced coherent betatron
motion and simultaneously avoiding a fourth turn collision s,• SCR#m. Z.,,,•
with the injection septum.
withthinjetion septum.Figure 2. One of four bipolar SCR-capacitor discharge
*This work was supported by the Director. Office of Energy modules.
Research, Office of Basic Energy Sciences. Materials Sciences
Division of the U.S. Department of Energy, under Contract No. DE-
AC03-76SF00098.
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D. The Load Configuration snubber in shunt from anode to cathode. High frequency
Great care was taken to minimize any potential offsets in torroidal 3E2A ferrite transformers isolate the individual SCR

the beam closed orbit during the injection cycle. Precise gates from the low level trigger circuitry. The peak trigger
magnetic field correspondence between the two magnet groups current into the each gate of each SCR is approximately 20
was accomplished through the exacting construction of each amperes.
magnet and the series-parallel connection of the magnets to the Monitoring of the discharge module current and voltage is
discharge modules. Furthermore, the "downstream" magnets accomplished through in-house designed Rogowski belts and
have an additional 5.3 ft. of cable to make up for the electron high frequency dividers. The field of each bump magnet is
"time of flight" between the two magnet groups. A small measured by individual B dot loops and passive integrators.
balancing inductor was added to the "upstream" group to com-
pensate for the inductance of the extra "downstream" cable. III. OPERATIONAL RESULTS

E. Low Inductance Transmission System The photo in Figure 3 is the exact overlay of two
For ease of maintenance and accessibility we chose to oscilloscope wave forms of the magnet currents measured

locate all the active components of the pulse system outside of simultaneously in the "upstream" and "downstream" bump
the SR shielding wall. The average cable run length is magnets. The current was measured with two separate Pearson
approximately 60 feet from the magnet load to the driver. In current transformers matched to better that 0.1%. The
and effort minimize the inductive voltage drop and the overall identical nature of the wave forms confirms the validity of the
cost of all the high voltage charging components a very low current sharing schemes employed by this system. The reverse
inductance transmission system was constructed. As shown in recovery wave form is smooth but larger than the 1.0%
Figure 1, each of the magnet terminals is connected to the specified. IsSPICE [5] circuit simulations indicate that the load
discharge modules by 8 parallel low inductance cables. A total snubber impedance can be reduced to minimize the amplitude
of 32 cables are cross connected from the four magnet of the recovery.
terminals to the four modules to further enhance the current The upper trace in Figure 4 is the magnetic field measured
distribution. The coax cable, YK217 [2], has linear inductance by a 3 turn B dot loop and a passive integrator. The
33 NH/ft and cable impedance of approximately 15 ohms. discrepancy in shape between the magnet current and the field

wave forms is do to the bandwidth limit of the field measuring
F. The SCR-Capacitor Discharge Modules electronics. The lower trace is the output current from one of

The series/parallel connection of the load sets the nominal the four SCR switch units. The current wave forms of the
peak load current at 6600 amperes. For a sinusoidal wave form other three units are very closely matched to the form shown.
this generates a maximum di/dt value of 5.2 Kilo amps./sec at The high frequency ringing superimposed on the discharge
the beginning of the discharge cycle. This di/dt rating is much pulse has a nominal period of 800 ns. Due to the ringing peak
higher than any single commercial SCR can physically di/dt has been measured as high as 3300 amps/p.s or twice the
support. As shown in Figure I problem was solved by dividing specified maximum listed by the manufacturer. A SPICE
the load current equally between four parallel pulsers. analysis has confirmed the suspected parasitic components of

The SCR used is a WESTCODE, R200CHI 8F2K0 [3] this ringing to be a C,L,C resonance excited by the initial turn-
that has a 34 mm die diameter and employs a interdigitated on transient. The lumped components are the distributed series
amplified gate structure. The 1800 volt blocking voltage keeps inductance of the SCR switch interacting with the series
the number of stacked devices to a manageable number of 8 inductance and shunt capacity of the transmission cable.
and the di/dt spec. of 1500 amps/pts limits the number of
required parallel modules to four. Recent articles[41 and our Stopped-
operating results indicate that the vendor specified di/dt value p i

is quite conservative. A G

The long recovery time, Tq = 40 pgs, of the R200 is 0:... . V
shortened to 300 ns by the insertion of a parallel array of high
voltage fast recovery diodes in series with the SCR string. See
Figure. 2. In reality, the system reverse recovery time is
effectively forced to zero by the in-series addition of low
inductance saturable magnetic reactors. Any remaining reverse
recovery transients are snubbed by the shunt RC network .
connected to the outputs.

Moreover, these reactors improve the SCR turn-on andI 7
di/dt capabilities. During the first 300 ns of the turn-on cycle
the majority of the applied voltage is dropped across the as yet,|
unsaturated reactors allowing time for extra charge injection
into the gate structure of the SCRs. This condition avoids I
initial current crowding effects during turn-on that can destroy .
these devices. When the reactors saturate the SCRs are 81-
effectively ON and ready to conduct current.

The SCR strings are mounted in a compression clamp Figure 3. Magnet current wave forms (overlaid) in "upstream"
holds all eight devices. The voltage across the stack is graded and "downstream" bump magnets (100 amps. /div.).
by a string of 20 megohm resistors. Each SCR has an RC
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____________________i.Ms 3.=S S.=I 7.U 9.MW
Source and Load vs. TDUE im SacsOn3 100n• Figure 6. SPICE model output wave forms: Pulser output

Figure 4. Magnetic field (upper trace, 666 gauss/div.) and current (upper trace, 1000 amps./div.) and magnet load current
pulser output current (lower trace, 1000 amps. /div.)

(lower trace, 500 amps. /div.)
IV. CONCLUSION

The SPICE model wave forms of the pulser output current

(upper trace) and magnet load current (lower trace) are shown
in Figure 5. The model has been empirically adjusted to give The bump pulser system has been operating at the peak
reasonably good agreement with the actual wave forms shown current of 6600 amps since the initial commissioning phases of
in Figures 3 and 4. The noticeable discrepancy is in the the ALS in January. Despite the excessive di/dt stresses placed
amplitude and duration of the reverse recovery cycle. This on the SCR's, the system has operated without fault up to
difference is in part due to the absence of an equivalent shutdown date of May I.
saturable reactor in the SPICE model. The reactor will be
included in future models. VI. REFERENCES

[i] B.T. Merritt, F. R. Dreifuerst, "A New, High-Power, Solid
"6.M S - ---- State Switch Outperforms Thyratron Tubes" E&TR Sept.-

Oct. 1991.
[21 Manufactured by Belden Wire and Cable (special order).
[3] Manufactured by WESTCODE Semiconductors Limited

of England.
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ZI I A -1-Y- Marks "High di/dt Switching with Thyristors" Dept. of
S I V1 Electrical and Computer Engineering, University of South
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Figure. 5. SPICE model output wave forms: Pulser output
current (upper trace, 1000 amps./div.) and magnet load current

(lower trace, 1000 amps. /div.)

One solution to the resonance problem is shown in Figure
6. The ringing is almost eliminated and the reverse recovery
wave form is greatly improved. In this case the number of
transmission cables was halved from 32 to 16 and the snubber
shunt capacitance was increased by a factor of 10. At present
we still considering at the most optimal solution.
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Design and Preliminary Testing of the LEB Extraction Kicker Magnet at the SSC
D. E. Anderson and L. X. Schneider

Superconducting Super Collider Laboratory*
2550 Beckleymeade Ave., Dallas, TX 75237 USA

Abstract Prototype magnets of the two varieties discussed above
The kicker magnet for extracting beam out of the Low were built and tested at the SSC Laboratory. A 25-fl "travelling

Energy Booster is required to generate an integrated field of wave" TW magnet utilizing 28 or 25 cells was designed [ I ] with
0.06 T-m for 2 gts, rising from 1% to 99% of peak in <80 ns. 25.1--mm cell lengths. Figure 1 shows a cutaway view of this
Technologies for pulsed magnets of this variety, along with the magnet. A "solid core" (SC) magnet was also built to compare
engineering trade-offs of each, will be presented. Details of the against the TW variety and to establish a database for future
electrical design of a vacuum-insulated 25-2 travelling-wave systems.
(TW) kicker magnet, with a 5 x 7 cm ferrite aperture, will be
discussed. The results of low-voltage tests of the prototype TW
magnet and a solid-core design will also be presented.
Application of experimental data and design theory to the final
magnet design will be mentioned.

I. INTRODUCTION

The Low Energy Booster (LEB) at the Superconducting
Super Collider (SSC) is designed to accelerate protons to
momentum of 12 GeV/c. In order to steer the beam upon
extraction into the septum magnets, a vertical angular
deflection of 1.5 mrad is required. Table I summarizes the LEB
Extraction kicker magnet requirements.

Table I
LEBE Kicker Magnet Requirements Extraction

Figure 1. Cutaway view of the 28-Cell LEB extraction TW

Nominal J B-dl 0.06 T-m kicker magnet.

AB/B Temporal <+I% II. TW MAGNET DESIGN

f Bdl Risetime _<80 ns (1-99%) A. Iuctance Calculations

f Bdl Pulsewidth 2 jts A first-order approximation of the inductance can be made

SB-dl Falltime •550 ms (99-1%) from the following simple formula, which assumes that all of
the magnetic energy is contained in the airgap and that the field

Aperture 5 H x 7 V cm is uniform throughout the gap:

Good Field Region (GFR) 2 H x 4 V cm L W

GFR "Kick" Uniformity 55% T =/0",

where W is the width of the airgap and g is the gap length. For a
Kicker magnet design has historically taken two 5 x 7-cm gap, this becomes 1760 nH/m. The magnet geometry

approaches, depending on the magnets' performance was simulated using Maxwell2D (Ansoft Corporation) to
requirements. The more common approach utilizes a lumped account for fringe magnetic and electric field effects. The B.H
section of C-shaped ferrite or magnetic steel cores, energized product was integrated over the magnetic region to determine
by a conductor passing through the cores' aperture. The other the magnet's inductance per unit length. The result was 2123.2
technique, used for faster risetime requirements, divides the nHi/m, giving a resultant cell inductance of 2123.2 nH/m x
C-cores into discrete sections to form a uniform impedance 0.0251 m/cell =53.3 nH. The formula yields a low value since it
transmission line. The sections are capacitively coupled to the does not account for fringing fields and energy contained in the
return conductor through a series of capacitive plates or discrete ferrite. Figure 2 shows the Maxwell2D plot of the equal
capacitors. magnetic vector potential lines with jtr = 300, the approximate

value at the frequencies present in the risetime of the pulse.
*Operated by the Universities Research Association, lnc.,fortheU.S. Electric field vectors, which also produce undesirable qE

Department of Energy under Contract No. DE-AC35-89ER40486. forces on the beam, are also shown.
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in the same region. Finally, the maximum flux density in the
ferrite was found to be 2.62 x 10-4 T/A, giving a maximum7. flux density in the ferrite of 0.151 T at the expected operating

current of 580A. For the CMD5005 ferrite used in this
application, the saturation flux density is 0.33 T at 25°C.

E. SPICE Simulations of Magnet Performance

The cells of the TW kicker magnet were modelled using an
L_ .. equivalent T-section circuit model [1]. The L! term, arising

from mutual coupling between cells and self-inductance of the
.- capacitor plates, was calculated to be about 70 nH from

Grover's formula [41 scaled to the CERN FAK magnet data [2].
Figure 2. Maxwell2D Plot of LEBE extraction prototype A 25-cell TW magnet was then simulated using SPICE, with
magnet flux lines and electric field vectors, the results shown in Figure 3. From this, an f B-dl signal 1-99%

risetime of 73.8 ns is predicted, and AB/B varies by _+0.55%.

B. Capacitance Calculations

Knowing the cell inductance and the desired magnet /f
impedance, the cell capacitance can be calculated from the
formula Ccell1= LceUi / 7Z2 = 85.3 pF. Capacitance is developed
by interleaving aluminum plates that connect to the busbar and I /

return conductor to produce an overlap area A. The capacitance
of this geometry is given by: /

= 2 Ao+ //C. _---+ 2Cir 7

where d is the plate spacing and Cfr is the fringing effect from 0 0 0 40 0 60 M 8

the edges of the plates. The fringing term can be approximated Figure 3. SPICE simulation of magnet performance.
as 10 pF per linear meter of plate edge [2]. From this equation,
an estimated overlap area of 204 cm 2 was indicated to achieve
the desired capacitance and magnet impedance. III. EXPERIMENTAL RESULTS

C. Electrical Length A. Experimental Setup and Probes

It can be shown that for a first order approximation, the An HP 8082A variable rise and falltime 5-V, 50-fl pulser,

risetime of the integrated field is the sum of the electrical length with a 50-to-25-fl impedance-matching network, was used to

of the magnet and the current risetime of the input pulse. A pulse the magnet in the majority of the experiments. Where

pulse generator has been built at the SSC that is designed to greater signal levels were required, a Spi-Pulse 25-reed switch

produce a voltage pulse risetime into 12.5 fQ of 20 ns pulser with 115 ns of charged cable was used to drive the

(10-90%)[3]. This sets the maximum electrical length of the magnet up to 40 A. Digitizers included a Tektronix 11403 with a

magnet to approximately 60 ns. I IA34 amplifier for repetitive signals and an HP 545 1OA for

The electrical length of a TW magnet cell can be single-shot signals.

approximated as (LcellCcel)'/2, or 2.13 ns for this design. B-dot probes were fabricated using printed circuit board

Dividing this into the maximum electrical length, the technology. Spot probes consisted of a circular "wire" trace

maximum number of cells is found to be 28. The prototype with an area of 9.57 mm 2, coupled to the scope via RG-405

magnet was designed to accommodate fewer cells in the event semirigid coaxial cable. J B-dl probes were designed using an

actual cell parameters varied significantly from design exponentially tapered strip mounted on a G-10 substrate. The

calculations. taper should provide a high-bandwidth match at both the scope
input end and the shorted end. Due to the significant capacitive

D. Other Magnetic Calculations coupling between the J B.dl probe and the magnet, the signal

Three other important parameters were derived from the produced when the probe was right-side-up was subtracted
Maxwell2D simulations. The magnetic "g..An," which defines from the signal produced when the probe was inverted.
the flux density achievable per unit of current, was found to be Furthermore, to minimize errors resulting from the direction of
22.6 gT/A in the center of the airgap. At 580 A, a flux density of wave propagation in the probe relative to the magnet, responses
0.0131 T is achievable, allowing 110% of the If B-dlI from the two probe orientations were averaged [2], [5].
specification to be met with 8 TW magnets 25 cells long. The B Tra
variation of the flux density over the area enclosed within the
"good field region" was found to the within ±0.95% of nominal. A 25-and 28-cell TW magnet were constructed and

The total variation for a magnet operating at 580 A and 14.5 kV, compared. When pulsed with a 10-90% voltage risetime of

including electric field contributions, is +1.2-0.3% of nominal 20 ns (1-99% -55 ns), the J B-dl 1-99% risetimes were 78.4 and
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84.0 ns, respectively. The difference between the measured and
simulated risetime was primarily due to subtle differences in 400

the simulated and actual input waveforms.
The 28-cell magnet's total inductance and capacitance

were measured using an HP 4284A Precision LCR Meter. At __300_

1 MHz, an inductance of 1927.6 nH and a capacitance of
3315.1 pF were measured. Dividing by the number of cells and • 250

28 Fernie
correcting for end effects, these numbers scale to Lcell = 66.4 nH 2W __ ___,,_

and Cc 11 = 92.7 pF. The cell inductance is about 25% higher
than that predicted by Maxwell2D, probably attributable to • 150

20 Femiescell-to-cell mutual coupling. The capacitance is very close to -_100
that predicted by simple formulas, and can be corrected for
fringe field effects by using Cfr = 11 pF/(linear m). 50

Another technique was used to determine cell inductance 0 100 200 300 400

by measuring the propagating cell voltages. From this, the cell 1-99% Input Voltage Risetime (ns)

inductance can be calculated as T2 /Cc¢11, where T is the Figure 5. Solid-core magnet response.
propagation delay through a given cell. For an average cell
propagation time of 2.38 ns. a cell inductance of 61 nH is capacitance values of 100, 200, and 440 pF, was constructed
calculated. Figure 4 shows the measured voltages for the first and tuned empirically. When pulsed with a voltage with a
8 cells. 10-90% risetime of 20 ns, the 1-99% f B-dl risetime was found

to be -70 ns, while AB/B remained within the ±1% flattop
1,, e tolerance. This risetime is better than that measured for a TW

magnet of an identical number of ferrite cores, probably due to
the lack of inter-ferrite fringing fields, lower overall

Ii capacitance and inductance, and lower stray inductance of the
discrete capacitors. However, the applicability of these results
to a higher-current, high-voltage version of this magnet is
questionable. Higher field magnitudes may lead to additional
dispersion and/or other effects, thereby further degrading the
magnet's performance.

IV. CONCLUSION

Although a complex structure, the TW magnet can be

Figure 4. Measured cell voltages for the first 8 cells. accurately modelled using a few simple formiulas and
simulation tools, with prediction of pertinent parameters to

Using an HP 8751A Network Analyzer, the cutoff within -10% or better. Experimental results confirm the TW

frequency was measured to be approximately 50 MHz. From magnet design, and indicate the need for further investigations

this and the Lcell and Cc¢11 values measured, an LI term for the into the behavior of capacitively-compensated solid core

T-section model of 100 nH can be calculated. magnets. The encouraging solid-core magnet results, if
applicable under high-voltage conditions, will substantially

C. Solid-Core Magnet Results reduce the complexity and cost of kicker magnets requiring
A solid-core magnet was constructed by placing a variable risetimes under 100 ns.

number of 20-mm-long ferrite cores in an aluminum enclosure V. REFERENCES
designed to fit tightly around the cores. A busbar of dimensions
identical to the TW magnet was then routed through the ferrite [1 D. Fiander, "A Review of the Kicker Magnet Systems
pieces. Inductances and other magnetic parameters were of the PS Complex," Conference Record of the 12th
therefore similar to those in the TW magnet. Varying voltage National Particle Accelerator Conference (Moscow,
risetimes from a 25-Cl system were pulsed into the magnet, for 1990).
various numbers of ferrite cores, and the integrated flux density [21 Private conversation with D. Fiander, 12/91.
risetime was measured. Figure 5 graphs the results of this
experiment. [3] G. Pappas & D. Askew, "Preliminary Testing of the

To improve risetime performance, the solid-core magnet LEB to MEB Transfer Kicker Modulator Prototype."
was compensated with discrete capacitors at various locations presented at this conference.
along its length. By introducing gaps between ferrite units and [4] Grover, Inductance Calculations, p. 35 (Dover, NY.
inserting discrete capacitors, a lumped N-section transmission 1946).
line was produced. Values for N = 1, 2, and 3 were tested. A [5] G. Nassibian, "Travelling Wave Kicker Magnet with
25-ferrite core magnet, grouped into sections of 9, 8, and 8 Sharp Rise and Less Overshoot," IEEE Trans. on Nuc.
20-mm ferrite cores, with corresponding compensation Sci., Vol. NS-26, June 1979, pp. 4018-20.
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Development of a High Quality Kicker Magnet System
J. Dinkel, B. Hanna, C. Jensen, D. Qunell, R. Reilly

Fermilab
P.O. Box 500

Batavia IL 60510

Abstract magnet powered by two pulses of opposite polarity. Two
As part of the Fermilab Tevatron upgrade, a 6.25fl magnets are required, each with a magnetic length of 2.41 m.

ferrite loaded traveling wave kicker magnet has been The relevant parameters for the magnet are in Table II:
designed. The critical parameters are the field rise time and Table II
flatness during and after the pulse. A picture frame pole Magnet Design Parameters
piece configuration was chosen which requires two pulses of Magnetic length 2.41 m
equal amplitude but opposite polarity. Low inductance, high Gap height 5.72 cm
voltage capacitors placed between each of the pole pieces Gap width 6.50 cm
provide the shunt reactance necessary to achieve the 6.2501 Peak field 1055 G
impedance. Cross coupling adjacent cells is used to improve Peak current 4800 A
the transient response of the magnet. The compensated Characteristic impedance 6.25 01
termination resistors are built into the magnet to minimize Field propagation time 275 ns
reflections. Two spark gap pulsers provide the two 4800A Number of cells 68
fast rise time current pulses necessary to drive this magnet. Inductance per half cell 25.3 nH
The field in this 2.4 m long magnet rises to 1055G in less Capacitance per half cell 645pF
than 400ns. This paper describes the design choices involved
with this system and preliminary test results. Magnet Design

Introduction Of the 5.8 m available in the tunnel for this magnet
system, only 4.82 m remain for the production of field.

Presently, there are 6 proton and 6 antiproton bunches Assuming negligible reluctance drop in the ferrite, the peak
used for collider operation in the Fermilab Tevatron. As the current can be determined from gap dimensions. We will
number of particles in these bunches increases, consider the picture frame magnet design as two "C" magnets
experimenter's detectors begin to saturate. To alleviate this sharing a common gap as shown in Figure 1. The inductance
situation, protons and antiprotons will be redistributed in 36 per half cell is determined by the aperture volume of each
bunches instead of 6. In order to carry this out, the rise and "C" magnet.
fall times of the Tevatron antiproton injection kicker which
deflects the antiprotons into their equilibrium orbit must be
reduced to accommodate the increased number of bunches
circulating in the machine.

To function in its new capacity, the kicker magnet
system must meet the requirements in Table 1:

Table I
System Design Parameters

JBdl 0.508 T m
Space available 5.8 m
Horizontal aperture 50.8 mm
Vertical aperture 40.6 mmi
Good field (±0. 1%) width 35 mm
Field rise/fall times 395 ns
Flattop 1260 ns
Flattop stability ±1%
Post flattop stability ±1I% of full field Figure 1 "Picture Frame" magnet showing

ferrite and bus bars
For a magnet to meet these criteria, its inductance per

unit length as seen by the source must be minimized. For a Work supported by the U. S. Department of Energy under
given aperture, this can be done by using a picture frame contract no. DE-ACO2-76CH03000.
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For the sake of reliability, the pulse forming line cables final design. A copper Faraday shield 0.062 in. thick was
are operated around 60 kV, therefore, the magnet impedance placed vertically down the centerline of the test magnet to
must be such that the design current can be achieved. This enable us to perform realistic measurements on a C- shaped
impedance is also required to be a submultiple of 509. A half-cell magnet. Average inductance measurements at 1
magnet impedance of 6.25K2 meets these two requirements. MHz of a half cell are 25.8 ±0.3 nH. Repositioning the
A shunt capacitor is required to compensate the inductance ferrite from adjacent to distant cells also permits us to
of each ferrite pole piece to achieve this impedance in a measure the mutual coupling between cells directly. In both
traveling wave magnet according to Zo = v[-•/C-, cases it was found to be 7.0 nH. Although the measured cell

inductance calls for a shunt capacitance of 660 pF, the best
The function of the ferrite is to efficiently guide stored pulse response was found with 640 ±5 pF of shunt

magnetic energy into the gap. In order to do this, the capacitance per half cell and the flattest frequency response
magnetization must increase to the required value as rapidly was found with 650 ±5 pF.
as possible for a given drive level and source impedance. To The displacement current through the shunt capacitor
select the ferrite which best meets this criteria, samples of a must pass between the backlegs of two adjacent ferrite pole
standard size were obtained from four manufacturers. These pieces. This increases the inductance in series with the
samples were subject to pulsed tests where the B and H fields capicitor. To minimize this effect, these two backlegs can
were measured at high drive levels, -6 kV, into a 50K2 load. be cross-coupled to effectively cancel this flux. This effect
The selection of the ferrite was based on these criteria: was measured to be 12.9 nH less than with the two ferrites

1. high saturation magnetization separated. Cross-coupling, from an equivalent circuit
2. low remnant induction viewpoint, puts a negative inductance in series with the
3. fast time to a given induction level capacitor. The peak current in a typical cross coupling

Three of the samples; CMD5005 by Ceramic winding was measured and scales to 240A peak. Resistances
Magnetics, Inc. ; 8CI 1 by Phillips Components; and PE12C of 10 Q were introduced in these circuits to provide damping
by TDK performed similarly in the testing having roughly of the ringing of the displacement current.
the same magnetic flux density rise time. The CMD5005 has The capacitor located at the input side of the first cell
a slightly higher saturation flux density than the other two has a value of 320 pF and has a series resistor equal to Zo to
samples. The operation of the test system was verified by terminate frequency components of the input pulse which are
replacing the ferrite with a dielectric sample of the same above the magnet cutoff frequency.
dimensions. The shunt capacitors used in this magnet are a parallel

It should also be noted that magnetic properties for plate design. They are required to operate at voltages of 35
ferrites can vary by as much as ± 20 % from batch to batch kV peak and maintain a stable capacitance over their
for the same material so that differences much less than this operating lifetime. Physically, each must fit within the 1 cm
have little relevance. space between adjacent ferrite pole pieces. Such a design

The amount of energy required to drive the ferrite can offers the lowest practical inductance. These capacitors are
be approximated by multiplying B(t) and H(t) to get the essentially six layer printed circuit boards which use a glass
energy density. The larger the volume of ferrite, the more reinforced polyimide dielectric. Each conducting surface is
total energy is required to reach the desired induction level, made from double sided C-stage material which is 0.012"
The peak power required to reach this level will be thick with 2oz. of copper cladding. Between these 3
determined by the source impedance. For the sample cores conducting surfaces, which are externally connected as two
approximately 5 mJ were required to reach an induction level capacitors in parallel, are layers of B and C stage material
of 1400 Gauss in -25 nsec. The volume of ferrite in the which form the working dielectric. The thickness of this
magnetic circuit of a half cell is 5 times greater than the test dielectric is 0.090" which stresses it to 25% of its rated
core, therefore we can conclude that -25mJ would be breakdown voltage of 1600v/mil. Twelve of these capacitors
required for the ferrite in a half cell or 3.3J for the whole were pulsed to full voltage for 5x10 6 shots with minor
magnet. This is about 0. 2% of the total stored energy. degredation of the corona extinction level.

The program POISSON was used to generate a pole tip Another unique feature of this magnet system is the fact
profile which would meet the required field flatness over the that the load resistors are an integral part of the magnet
desired horizontal aperture. The field at the mid plane of the structure. This has the advantage of eliminating reflections
gap is flat to within ± 0.05%. For a 3.8 mm offset from the from the cables and their associated connectors normally
mid plane, the field is flat to within ± 0.1%. used with external resistors. With external resistors, it

In previous designs, it was found that 2.5 cm wide becomes necessary to match the magnet, the cables, and the
ferrite pole pieces could be spaced up to 1 cm apart to accept load. Since the impedance of the cables is fixed, both the
the shunt capacitor without significant effect on tl'e field at load and the magnet must be trimmed to match the cables.
the mid plane. This spacing does, however, increase the flux Ideally, the load is matched to the impedance of the
in the ferrite by 40%. magnet for frequencies within its pass band of 40 MHz. The

A 29-cell low voltage test magnet has been built to best results were obtained with 8 parallel 50 Q resistors each
measure the inductance and impedance characteristics of the
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of which is placed in a cylindrical tube to minimize consists of 3 turns of 60kV silicon rubber insulated wire
inductance. A ninth resistor will be run in parallel to allow strung thru three single helical loops of refrigeration tubing
precise matching and trimming if necessary. The load connected in parallel to form the secondary. Current limiting
resistors are Carborundum 'rod' type resistors with no-arc resistors are placed on both sides of this transformer to
corona terminals. Pulses in this system are actually applied maintain a high common mode impedance for the trigger
about eighteen times a day, spaced several minutes apart, circuit. We have been able to achieve a jitter of 7.4 nsec for
resulting in a negligible average power dissipation in the load 32 shots, and flattop ripple within 1% peak-to-peak.
resistors. High voltage requirements necessitate the use of a

A current viewing resistor (CVR) is used to monitor the dielectric with adequate breakdown strength. In this system,
current in the termination. The CVRs selected offer a I nsec the pulser is pressurized with sulfur hexafluoride to about 12
rise time and a 3 J rating at 0.005 Q. psig. At this pressure, sulfur hexafluoride has a breakdown

strength greater than that of transformer mineral oil.

Pulser Design The exponential like 'tail' at the end of the pulse due to
the l/•ff skin effect losses in the cables requires the use of a

A triggered spark gap was chosen for this design second 'tail biter' switch to short the output of the pulser to
instead of a thyratron for a variety of reasons. Most ground at the end of the pulse. This will reduce the fall time
importantly, spark gap systems are much smaller than of the output pulse to the order of the rise time, about 50
thyratron systems. Next, spark gaps can transfer more nsec. Due of the inductance of the pulser, some energy is
energy at higher levels of voltage ard current than reflected into the PFL upon closure of the main switch. This
thyratrons. Also, spark gaps are lighter and cheaper than energy can reflect back into the load one PFL length later.
thyratrons. There is also no filament or reservoir power, and Fortunately, the recovery time of spark gaps is relatively
thus no warm up time. Finally, spark gaps are more robust long so reflections from any source will effectively be
and can withstand larger inverse currents typical in tail-biter terminated by the tail biter and resistor/diode termination at
circuits. Disadvantages of spark gaps include low repetition the far end of the PFL.
rates, lower lifetime, necessity of a pressurized gas system, The tail biter will also use a spark gap switch similar to
and finally the need for a high voltage trigger system. that used for the main switch but with a capacitive divider

The nominal PFL design voltage of 60 kV is also the network to provide the necessary mid plane biasing.
voltage which must be held off by the spark gap. The No discussion of a delay line pulser would be complete
Maxwell gap chosen for this application is rated for without addressing the dispersion effects caused by the skin
operation from 25 kV to 100 kV, at a maximum of 100 kA. effect losses in the PFL and interconnecting cables. The step
The minimum length of the PFL cables is determined by the response of a coaxial cable in which the skin-effect losses
pulse length. The actual length will be somewhat longer than produce an attenuation whose magnitude in dB varies as the
this minimum length to insure proper operation of the tail- square-root of frequency have been approximated by:
biter spark gap.

An energy of 228 1 stored in the PFL is also the energy 1[. 018xlO8 x AxI
transferred by the spark gap on each pulse. The charge stored (1) E. = I -erfx
by the cable determines the estimated lifetime of the spark If
gap. This is 400,000 shots of 7.6 mC for the Maxwell gap. where A is the cable attenuation inr 11B/100 ft. at 1000 MHz, 1

The rise time of the pulse is determined by the is the cable length in ft., t is the iune in sec., and erf is the
electrical properties of the pulser, specifically, the inductance error function. The step response of a coaxial cable used as a
related to the geometry of the tank. The pulser is constructed PFL can then be derived to be:
in a coaxial geometry to minimize the inductance while (2) E. = E I - erf(L'018xl0-SxV xAft
giving adequate clearance for high voltage constraints. PL- f)
Inductance as calculated from the physical geometry is 120 0 t _<TPFL
nH which agrees well with measurements. With a time We can, thercfore, combine these to approximate the
constant of L/2Zo = 9.6 nsec, it takes approximately 50 nsec transient performance of this system by the expression:
(5 time constants), to get to within 1% of the maximum (3) E = E Prl -erf(L. 018x1 -0 x V× x Aft)
value, neglecting any mismatches in the load.

The PFLs are charged through a series resistance which 1 A x A(]
provides satisfactory isolation of the power supply during the x 1-e 1018X10-
pulse. Lr

It is necessary to incorporate a high voltage pulse 0 •t <TFL
transformer to isolate the trigger generator from the main where I is the length of the cable between the magnet and the
switch since it is in series with the PFL and the load. The pulser. At the end of the pulse, the response is described by
trigger pulse transformer is a coaxial 3:1 step down design equation (3) with I equal to twice the physical length of the
with the primary as the center conductor. The primary PFL plus the cable length between pulser ar'd magnet.
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Consequences of Kicker Failure During HEB to Collider Injection
and Possible MitigationR. Soundranayagam, A. I. Drozhdin, N. V. Mokhov, B. Parker, R. Schailey and F. Wang • g
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Superconducting Super Collider Laboratory*
2550 Beckleymeade Avenue. Dallas. Texas 75237 USA . -

I. INTRODUCTION Boo .,, /B.1.-.) B a. .

In the injector chain for the Superconducting Super Col-Exrce eC
lider (SSC) [1]. the High Energy Booster (HIEB) is the final J -en -• e(a
stage injector. HEB is a bipolar machine located 14 m above "
the Collider bottom ring. A schematic representation of thb, AZ

transfer lines from HEB to Collider rings is shown in Figure A.

xxii i i - xinin(.iew from i.18de) NIB U ... .i
SOUTrH NORTH•

"A "JK "-'',*

ta o tur • 3 Figure 2. The HEB extraction system for the clockwise beam.

0 t• �.o ar-2 0mm
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* 2 One Ext. Kicker pefire

Ip u 0td,3 Transfer Line

0 4. One ext. Kicker misfie
I U I-r W R c der 4D 5. Btumped Bem 243.1 2.6Do- Beam Size: la (mm)Figure 1. Schematic representation of the trnsfer lines. 6 (In all Septum,)

SHorizontal: <=0.2

The HEB beam extraction involves introducing a closed im V.,t <-01
orbit bump at the extraction Lambertson magnets and deflect- S -1 --
ing the beam by kicker magnets. The HEB magnets guide this S.7 m

beam into the field region of the extraction Lambertson mag-
nets. Rolling the first Lambertson provides a horizontal bend in
addition to the vertical bend needed to direct the beam down Figure 3. The interface cross section of BEB extraction Lam-
the vertical transfer line. The extraction system for the clock- bertson magnet and quadrupole Q 1.
wise beam is shown in Figure 2. Counter clockwise extraction The limiting aperture of the HEB at 2 TeV is - 40 a. The
system is similar in principle but differs in detail. The extrac- transfer line aperture is limited by the extraction and injection
tion kicker rise time is -1.7 gs and the flat top is- 36 ts. Lambertsons and the neighboring quadrupole magnet. The

At the collider level, the beam from the transfer line travels interface cross section of the HEB extraction Lambertson and
through the field region of the collider injection Lambertson quadrupole QI is shown schematically in Figure 3. A corre-
magnets and levels horizontally with the Collider closed orbit. sponding schematics for the injection Lambertson and
Rolling the last injection Lambertson initiates a horizontal qudrupole QU3B is given in Figure 5 of Ref. [3]. The arc rep-
bend. The off-centered beam is bent further by the Collider resents part of the vacuum chamber through the quadrupole.
quadrupoles. Finally. the injectioc kickers guide the beam back The iron of the Lambertson magnet is shaded. The septum
towards ring center and onto the closed orbit of the Collider. notch has a curvature of 3 mm radius instead of sharp edge.

This enables the straight edge to move towards the field freeFrom experience, itts known that there is a finite probabil- region and increases the field region by few o. Note that the
ity that a kicker may fail, that is, either prefire without trigger- circulating beam in each ring passes through the field free
ing or nisfire when required to fire. The probability of one region of the Lambertson magnets. The Collider aperture at
kicker failure is high enough that it can occur about once a injection energy is limited by the abort Lambertson to - 16 a.
month [2]. The probability of simultaneous failure of two
extraction kickers or two injection kickers is very low. Clean In the following sections we discuss the three failure
beam transfer depends also on the correct timing between the modes, namely, single kicker failure, two kickers failure and
UIEB extraction and Collioer injection kickers. timing error between the extraction and injection kickers. Wepropose possible means of protecting the accelerator compo-
* Operptcd by Universities Research Association, Inc.. for the U, S. pents.
Department of Energy under contract N_' T)E-AC35-89ER40486 nents.
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II. SINGLE KICKER FAILURE location is upstream of the first upward bending magnet VBC.
The second location is upstream of the quadrupole Q9. Beam

The extraction and njection bmicfers are sigleited r sizes and two kicker misfire positions near these two locations
reduce the kick per module so that beam from a single kicker are given in Table 1. The last column gives the separation
prefire circulates with little or no beam loss before being between the beam positions due to two and one misfire in unit
aborted. of beam size.

If a single extraction kicker misfires, the extracted beam is Table 1
in the field region - 3.4 mm (- 17a. a = 0.2 mm) from the edge Beam Sizes and Excursions at the Chosen Locations
of the HEB septum. In the injection Lambertson it is - 2.7 mm
(- 10 o. a = 0.25 mm) from the edge of the septum. In tracking Location or (mM) o)y (mM) x2 (mm) x2-x1 (a)
this beam around the Collider ring for the maximum three
turns abort, we find that less than 0.01% of the beam is inter- VBC 0.227 0.120 5.50 12.2
cepted by the collimators in the interaction regions, and poses Q9 0.394 0.124 8.07 10.2
no problem to any components. The first location has three advantages: 1) at this location

A single injection kicker misfire produces the same effect the collimator will intercept much less beam if a single kicker
as that of prefire and the beam from a kicker misfire will be misfire occurs (last column in the Table 1): 2) this is farther
aborted safely. away from the superconducting components and thus the sec-

Ill. TWO KICKERS FAILURE ondaries will have minimum effect; 3) no interference with
other beam lines. But it is highly disadvantageous since the

Even though the probability of two extraction kickers fail- interior of a graphite collimator can reach up to 4500 °C
ure (prefire or misfire) is very small, it is not insignificant to be (assuming no sublimation) compared to 1750 TC. if placed at
ignored. At the HEB extraction Lambertson. the beam result- the second location (see Figure 5).
ing from two kickers prefire is in the field free region - 0.6 mm . 5000
(~3 o) from the edge of the septum. As for the misfire, the 0 f,-' I

beam is in the field region - I mm (- 5 o) from the septum. *4000 , 1
Thus we expect the extraction Lambertson to intercept less - 3o0- oItt
than 1% of the HEI beam in the event of two kickers failure. wII ]
Energy deposition simulation with the MARS12 code [41 n 2
reveals that a 1% loss in the septum would produce a maxi- <1000

mum temperature rise of -420 C, which is within the tolera- 0- 0 , I , , , , L
ble region. Thus there is no cause for concern at the HEB level ' 0 100 200 300 400 500•- TH]CKNESS (cm]
as the HEB ring has large enough aperture to accommodate the
beam from two kickers prefire with small loss before abort. Figure. 5. Temperature distribution along a I o cross section of

In the case of misfire, however, the beam will hit the l a graphite collimator at location I (diamonds) and location 2
lider injection Lambertson directly. Energy density deposited (cross).
by 2 TeV HEB beam in steel (high Z and high density material) Graphite in vacuum begins to sublimate at - 1750 OC [5].
septum is high enough to melt a long section of the septum and Since a surface can cool radiatively and the energy deposition
to even vaporize part of it. Thus it is necessary to intercept the peaks in the interior, sublimation will occur in the interior
beam before it reaches the septum using a low Z, low density before anywhere else. We estimate the instantaneous pressure
material like pyrolytic graphite or carbon-carbon composite to be - 20000 atm. using ideal gas laws and the fact that the
(C-Q. For the purpose of energy deposition they are identical instantaneous vapor density is equal to the solid density. Lami-
as they have the same density and Z. nating the collimator can minimize the effect of such a high

-' r . ."-- instantaneous pressure or even eliminate the possibility of
vaporization. The separation between laminations should be
few a (beam size) to allow radiative cooling and the thickness
of the laminations should be as small as practically possible
considering that the effective length of graphite required is - 5.to . ..• . .. .. . .. . . .. L• _ _ L • m.

........... VBC Q Am Hence, baring other technical difficulties, the second loca-
W ýuu u) U u "tion. upstream of Q9. is the best place for the collimator to

Figure 4. A stretched out transfer line and the beam displace- intercept the beam. Considering the fact that the MARS 12
ment from two kicker misfire relative to nominal trajectory. simulation can have - 20% uncertainty, and that there is some

In the transfer line them are only two possible locations uncertainty in the assumptions such as beam profile and size.
with both a large beam excursion from the nominal beam orbit we would like to have at least a 50% safety margin. which
and long free space (see Figure 4) for collimation. The first means that the maximum temperature reached in the simula-

tion should be kept below 750 °C.
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Reduction of temperature in the collimator can be achieved plane through the closed orbit. Tracking and energy deposition
by placing a short piece of graphite or C-C at the first location simulations indicate that the two superconducting dipoles in
as a beam spoiler. As shown in Figure 6. a 30 cm graphite the dispersion suppressor region will be melted with yet
beam spoiler will reduce the maximum temperature in the col- unknown consequences related to the cryogenic systems.
limator well below 750 °C. kickei rotating beam BS BS Bs asS~spoi ler

S1200. : . .. C -- •

1000 QF QSD1 '46.collimator QSF
L

800 
beam pipe

600
- 400 -7 • ---a)

S200
E 0 100 200 300 400 50' Figure 7. Collider components in the vicinity of injection kick-
Lj- TH[CkNESS (orm)FIgur6T r dstr n aon ters and the trajectories of the injected and circulating beam due

Figure 6. Temperature distribution along the lar cross section i
of a graphite collimator at location 2 with a 30 cm beam C-C to timnig failure.
spoiler at the location 1. A logical choice of location for intercepting both the beam

The beam spoiler will itself be spoiled by the beam. How- is upstream of the dispersion suppressor quadrupole QSDI

ever, if it is only a short piece in an isolated region, it can be The beam sizes near this region are Y, = 0.18 mm and Oy =

regarded as a sacrificial piece with a special vacuum chamber 0.34 mm. similar to that at the collimator in the transfer line.

to be replaced if and when such a failure occurs. Maximum temperature in a graphite collimator will reach up to
- 1750 *C. A system of a rotating beam spoiler upstream and a

An alternative approach is to rotate the beam spoiler fast long fixed aperture collimator downstream of the quadrupole is
enough to spread the beam and keep the maximum temperature a feasible option and is under investigation.
in the spoiler below the 750 *C. This means that the maximum
energy deposited in a 1o x 5 cm volume of C should not inh rser ( 1.7 als) and fall time (-a4a s) of the injec-
exceed 10 J. From the MARS12 simulation the maximum ti kickers an additional ~ 16%ofIEBlengthequivalentcir-
energy deposited in that volume per proton is 5x10-12 

j. Thus culating beam will be sprayed off the closed orbit. Only - 12%

the maximum number of protons in lo cross section should not will be lost around the Collider ring, and most of it in the colli-

exceed 2x10' 2 protons. which is 1/8 or 4.5 I of HEB beam. mators. Few dipole magnets in the dispersion suppressor may

Hence the spoiler should be rotated by full with half maximum quench due to excessive beam loss in them from the spray.

(2.3450v) of the beam in 4.5 lts. This corresponds to the rim V. CONCLUSION
speed a170 ms '. The required minimum rotation speed for a35 cm radius spoiler is then 2000 1pm. Failure of a single HEB extraction or Collider injection

kicker poses no problem to the components in the two rings or
Mechanically tolerable rim speed depends on the tensile in the transfer line. Consequences of two HEB extraction kick-

strength and the density of the material. For graphite. the ten- ers failure or of timing error between the Collider injection and
sile strength is - 25 MPa allowing maximum rim speed of - 54 HEB extraction kickers can be minimized if not eliminated by
ms-' that is well below our requirement. C-C material has - 11 use of a rotating C-C beam spoiler and graphite collimator.
times higher tensile strength and tolerable rim speed is then -
180 mst .Thus a 30 cm thick C-C composite cylinder of 35 cm VI. REFERENCES
radius rotating at - 5000 rpm can survive two kickers failure [1] SSC Design Report SSCL-SR-1056. SSC Lab. July 1990.
and spoil the beam enough to protect the downstream collima-
tor also. It should be noted that a 35 cm radius C-C system [2] Statistics on Tevatron kicker failures. Fermilab accelerator
rotating at 40000 rpm is currently in operation[6]. division "Early Bird Reports."

Two injection kickers failure, also a serious problem for the [3] F Wang, et al.. "Lattice Design and Injection Issues for the

collider. is currently under investigation. 2 TeV SSCL High Energy Booster to Collider Injection
Lines." IEEG Particle Accelerator Conference (1993).
[4] N. V. Mokhov. The MARS 12 Code System, In Proc. SARE

The most serious failure related to the HEB extraction and Workshop. Santa Fe (1993).
Collider injection kickers is that the injection kickers may fire [ "Recent Carbon Technology including Carbon & SiC
either before the HEB beam arrives at the kickers or after it h fibers." edited by T. Ishikawa & T. Nagaoki. English editor:
passed the kickers. Should this failure occur, the HEB beam
continues into the Collider ring in the trajectory as shown in
Figure 7. Further. an equivalent HEB length of circulating [6] David L. Hunn. P.E. Loral Vought Systems. private corn-
beam will be kicked off the closed orbit in the opposite direc- munication.
tion giving rise to a mirror image trajectory about the vertical
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High efficiency beam deflection by planar channeling in bent silicon crystals
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Abstract this energy E1 is low enough, particles are "trapped" in the
Experimental results on the deflection of a 450 GeV channeling potential Y1, the electric potential obtained from

proton beam by means of (111) planar channeling in a bent smearing the charges of all atoms in a crystal plane - the
silicon crystal are presented. The H8 microbeam in the CERN Lindhard "continuum approximation" (see [2] and references
SPS North Area was tuned to be highly parallel in the therein). For the planar case,
horizontal plane, i.e. to a divergence smaller than the critical 00
angle for planar channeling at this proton energy, and focussed r
to less than 1 mm in the vertical plane. The Si crystal was Y1(y) = Ndp f 2npdpV(Vy-+p2)
bent to deflect the beam horizontally in a classical 3-point 0
bender. Unprecedented deflection efficiencies of up to 50 % where y is the distance from the plane, Ndp represents the
have been observed. Since channeling of positive particles is a number of atoms per unit area of the plane, dp being the
well-understood phenomenon over many orders of magnitude distance between planes. V(R) is the ion-atom potential and p
in particle energy, the present data can be extrapolated to the the polar coordinate inside the plane. For example, one finds
TeV range. This opens exciting possibilites for the application that 450 GeV protons inside a critical angle of ± 9 Wirad to the
of bent crystals, e.g. as small and tunable beam splitters or as ( 11) planar direction in silicon have an energy E1 < Y.L,,
extraction devices, in the future multi-TeV proton accelerators. and can be channeled.

Nevertheless, even for a perfectly parallel beam, the pro-
I. INTRODUCTION bability for channeling is not unity. The surface transmission,

or in other words the "crystal acceptance", has to be conside-
Deflection of high energy protons using the channeling red. Assuming a uniform beam distribution in space, aligned

effect in bent silicon crystals has been studied since several with the crystal, the surface transmission at high energies is
years [1,2]. While the attractive features of bent crystals as found to be typically 80% or less for planar orientation of the
beam splitters to produce low intensity test beams was of crystal.
prime interest in the earlier studies at FERMILAB [31, the In long straight crystals, the protons once channeled are
possible application for a new CP-violation experiment (41 lost only by multiple scattering - they are dechanneled. In a
lead to more detailed studies with 450 GeV protons at CERN bent crystal, however, additional dechanneling may occur: due
[5-7]. Recently, the ultimate limitations of deflecting high to the curvature of the crystal the potential Y.l is asymmetri-
energy protons in bent crystals have been much debated in the cally lowered by a centrifugal term (c is the crystal curvature,
context of proposals to extract protons from the beam halo in p and v are momentum and velocity of the beam particle,
the future multi-TeV hadron collidors SSC and LHC for fixed respectively),
target experiments [8,9]. The expected flux of such a multi-
TeV proton beam depends on simulations of the expected Yeff (x) = Y (x) - pvlcx
proton distribution in the halo of the collider [101 and on the
theoretical estimates on the deflection efficiency for protons in such that only particles with lower transverse energies may
bent crystals 1111. remain trapped and be channeled for the full length of the

crystal. The bending dechanneling losses occur at the point of
II. CHANNELING and BENDING largest curvature of the crystal. At a given beam momemtum,

the efficiency of deflection in a bent crystal is therefore
Channeling of high energy particles in single crystals is determined by the length of the crystal and by the maximal

now a well-established phenomenon. Positively charged partic- curvature [2, 12).
les entering a silicon crystal at small angles to a major plane
or axis are channeled, i.e. reflected from the planes or strings III. EXPERIMENT
of nuclei, and thus experience less energy loss, multiple
scattering, nuclear interactions etc than particles incident far The present experiment aims at testing the current
away from such directions, i.e. at so-called "random direc- understanding of channeling and dechanneling in bent crystals
tions". Usually, for a quantitative description of channeling and offers a quantitative comparison of measured deflection
the transverse energy of particles in the crystal is considered: if efficiencies with theoretical estimates for different crystal
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HORIZONTAL was varied by a thumbscrew. A surface barrier detector was
implanted on the entrance part of the crystal, allowing to mea-
sure the dE/dx of protons hitting the crystal. Channeled
protons have about 60% of the energy loss of unchanneled
ones - therefore, the variation of the dE/dx spectrum of this

5_mm detector can be used to align the crystal with respect to thet2 proton beam. Moreover, by maximizing the fraction ofQ19 QEO Q12 ,m channeled protons in the dE/dx spectrum on the aligned silicon
VERTICAL cale crystal, the beam was blown up horizontally (using Q19) in

order to achieve the smallest possible angular spread for the
fraction of protons hitting the crystal. Using the dE/dx

DCI DC2 information allows to tune the beam to an angular spread of a
crystal bent few microradians, beyond the accuracy reached with the stan-

'beam dard beam instrumentation.
450 GeV I _________ ___

protons II
SC1,2,3 IV. MEASUREMENTS

4.1 metres (t,, to scale) Measurements were performed at different deflection
angles, i.e. different bendings of the silicon crystals. In orderFigure. 1: Schematic view of a section of the SPS 118 to avoid sensitivity to surface imperfections, only protons

beam (beam optics) and the experimental set-up for the hitting within the central 0.3 mm on the crystal entrance were
bent crystal experiment. Two drifichambers (DC) are used considered in the analysis (i.e. cut in DCI). Horizontal beam
to track the protons. The scintillation counters (SC1)23) profiles as measured in drift-chamber DC2 are shown in Fig.
serve as trigger counters. 3. For relatively modest deflection angles (e.g. 2.4 mrad), the

intensity of the deflected beam is almost 50% of the total
beam hitting the crystal, with about 35% of protons beingcurvatures. The measurements were performed in continuation undeflected and 15% being lost due to dechanneling in the bent

of our earlier tests [5,61 in the H8 beam in the North Area of crystal.For comparison, the dotted line in Fig. 3 shows the
the CERN SPS. The experimental arrangement is schemati- beam profile for an equal number of protons incident on a non-
cally shown in Fig. 1. The 450 GeV proton beam was set up aligned crystal (random orientation), i.e. all particles are in the
to be highly parallel in the horizontal (deflection) plane and straight beam peak.
focused in the vertical plane (for further details, see [51). The
bent silicon crystal is mounted on a goniometer turntable with
1.7 wad step-size. The incident and exiting proton positions 500 . - •
are measured in two drift-chambers, one 20 cm upstream, the "
other 4.1 metres downstream of the crystal. Scintillation 400-- - deflected beam
counters are used to trigger on protons passing through or near -

the crystal. 4 300
The silicon crystal, 50 mm long in the beam direction, -

10 mm wide and 0.9 mm thick, was cut parallel to one of the 0
( 11!) planes. It was mounted in a classical 3-point bender for 200

deflection in the horizontal plane (see Fig. 2). The bending
100

250 300 350 400 450 500
DC2 horizontal profile (Channel No.)

Figure 3: Horizontal beam profile as seen in the down-
stream drift-chamber DC2 for a deflection angle of 2.4
mrad. The dotted line indicates the beam profile as meas-
ured for a non-aligned crystal, when the full beam is
undeflected.

The results of the present experiment are summarized and
compared to theoretical estimates in Fig. 4. Measured
deflection efficiencies for various deflection angles from 1.5 toFigure 2: Detail of the 3-point bending device used to 11.5 mrad show values up to 50 %. The error bars indicate

curve the crystal to variable radii. The dEldx detector at statistical errors only. Systematic errors due to mechanical or
the entrance side of the crystal is indicated.
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other instabilities may be deduced from the scattering of the VI. CONCLUSION and PERSPECTIVES
data points - note that the experiment is sensitive to angular
changes in the order of one microradian! In conclusion, the experiments on deflection of a 450

GeV proton beam in a bent silicon crystal show that by
choosing the appropriate crystal curvature, efficiencies as high

V. THIEORETICAL ESTIMATES as 50% can be obtained in a parallel beam, in agreement with
the expected values. The present results confirm the validity of
the channeling and de-channcling models also at the highestThe experimental results in Fig. 4 are compared to the energies available today. While an application of the silicon

expected efficiency for an ideally bent crystal (uniform crystal as a beam splitter is already well advanced at CERN,
curvature) - this is difficult to achieve in practice and was not the results presented here also give confidence in extrapola-
attempted in the present experiment. The theoretical estimate tions to the higher energies available in future proton colli-
involves the following factors: ders. For example, a 7 TeV proton beam in a uniformly bent

a) The surface transmission was calculated for a perfectly silicon crystal of 20 cm length could be deflected with an
parallel 450 GeV beam incident on a (I 11) silicon crystal and efficiency of 50% through an angle of I milliradian. Most
was found to be 0.75. This is the ultimate efficiency crystal extraction schemes for LHC and SSC rely on a perfect
theoretically possible for bending a 450 GeV beam in a (I 11) crystalline surface. This represents a considerable technical
silicon crystal. challenge both for cutting and polishing the silicon crystals.

b) The multiple scattering dechanneling in the straight parts Nevertheless, the present results show that if the surface layer
of the crystal was included - this is an effect of a few percent at can be made to resemble the bulk of the crystal, then high
the present energies. extraction efficiencies are not excluded for a beam, the

c) Bending dechanneling and multiple scattering dechanne- divergence of which is matched to the critical angle for
ling were considered in the bent part of the crystal - these channeling (about one microradian for protons at 10 TeV
effects determine the reduced efficiencies at the larger deflection energy).
angles.

In fact, in the present experiment, the crystal was bent in
a 3-point bender, which was chosen for its simplicity (Fig. 2).
Estimates of the expected deflection efficiency for an "ideal" 3- VII. REFERENCES
point bender (maximum curvature in the centre equals twice
the average curvature) are also shown in Fig. 4. The calcu- [1) A.F. Elishev et al., Phys Lett. 88B (1979) 387.
lation includes the same terms as described above for uniform [21 J.F. Bak et al., Phys. Lett. 93B (1980) 505, and
curvature, with the change of the bending dechanneling term Nuci. Phys. B242 (1984) 1.
due to the larger maximum curvature. The data are seen to be 131 S.I. Baker ct al., Nucl. Instr. Meth. A234 (1985) 602.
bounded by the two theoretical estimates. 14] G.D. Barr et al., "Proposal for a precision measurement

of c'/E in CP violating K0 -+ 2nc decays", CERN/
SPSC/90-22, SPSC/P253 (experiment NA48).

0.7- 151 S.P. Meller et al., Phys. Lett. B256 (1991) 91.
161 B.N. Jensen et al., Nucl. Insir. Meth. B71 (1992) 155.

0.6 171 M. Cltment et al., "Tests of proton channeling in bent
crystals with a view to a future beam line application",

S - CERN/SL/92-21, 1992.
.0.5 181 The SFT collaboration, "An Expression of Interest in a

Super Fixed Target Beauty Facility (SFT) at the>% expected efficiency foTx d pSuperconducting Super Collider", 25 May 1990.
OA, 0.4-T~ curvature
0 91 S. Weisz et al., these proceedings, and B.N. Jensen

ct al., "A proposal to test the beam extraction by"0 0.3 crystal channeling at the SPS: a first step towards a

LHC extracted beam", CERN/DRDC 91-25,
DRDC/P29 (experiment RD22).

. U (101 B.S. Newberger et al.,.A325 (1993) 9.
The LHC Study Group, "Design Study of the Large

CZ 0.1 expected efficiency for an Hadron Collider. A multiparticle collider in the LEP• Ideal 3-point bender tunnel", CERN 91-03.

0.0 . [III J.A. Ellison, Nucl. Phys. B206 (1982) 205,
0 2 4 6 8 10 12 14 M.D. Bavizhev et al., IiEP pre-print 89-222,

deflection angle (mrad) Serpukhov, 1989.
1121 J.S. Forster et al., Nucl. Phys. B318 (1989) 301.

Figure 4: Comparison of experimental results (dots
with bars indicating the statistical errors) with theore-
tical estimates for uniform curvature and an ideal
3-point bender. Details are explained in the text.
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Extraction from the Fermilab Tevatron usrng Channeling with a Bent Crystal

G. Jackson
(for the Experiment 853 Collaborationt)
Fermi National Accelerator Laboratory*

P.O. Box 500 MS 341
Batavia, IL 60510

only and Collider operations in the Tevatron. The results of
Abstract those experiments are reported in a separate paper [6].

Experiment 853 at Fermilab is approved to test the II. TEVATRON SYSTEM DESIGN
possibility of extracting very low intensity beams from the
Tevatron using channeling in a bent crystal as the extraction A. Beamline
device and RF modulations to move halo beam onto the
crystal. The purpose of the experiment is to prove that the A sketch of the beamline geometry of the Tevatron Collider
extraction technique is feasible, and that it does not create crystal extraction system is shown in figure 1. Protons in the
backgrounds for collider experiments which are unacceptable. halo of the beam distribution which intercept the bent crystal
In the first phase of the experiment, an unbent crystal has been with the correct angle are deflected. These particles oscillate
inserted close to the beam at the site of the future bent crystal. about the design orbit until they enter the Lambertson. Since
In this paper we discuss the technological challenges of the the Lambertson magnet and the crystal are separated by an odd
bent crystal and measurements planned with both the unbent multiple of 900, the angle generated by the bent crystal is
and bent crystals. exhibited as a position offset into the Lanbertson field free

region (figure 2). The circulating protons see the deflecting
I. INTRODUCTION field of the Lambertson, which acts as one of the normal

Tevatron dipoles. Protons in the field free region travel
In order to extract beam from the SSC Collider for B- straight into the Tevatron CO abort line toward the extracted

meson high energy physics experiments while the major beam detectors.
Collider experiments are taking data, it is necessary to design a
system which extracts protons at an acceptable rate while not Extracted
unduly impacting the luminosity or backgrounds. The Beam
replacement of a traditional septum magnet with a crystal in
the SSC was first proposed in 1984 [1]. After a considerable Crystal
amount of refinement [2,31 it was determined [41 that the east Beam
campus straight section of the SSC collider would be the
optimum location for a crystal extraction system. Based on Figure 1: Sketch of the beamline
these studies, a proposal for an experiment which would use geometry in the Tevatron Collider
the extracted beam for B-meson physics was submitted to the at the crystal extraction region.
SSC Laboratory [5].

Based in part on suggestions from the SSC laboratory, a
test of crystal extraction of protons from a superconducting Extracted Field Free
collider was proposed for the Tevatron. Partially funded by Particles Region
SSCL. this approved experiment E853 was approved for 72
hours of dedicated accelerator beam time during the Fermilab
Collider Run lb. While waiting for the fabrication of the bent
crystal and positioning hardware, some preliminary
experiments were completed parasitically during both proton

t Fermilab. SSC Laboratory, U. Virginia. UCLA. U. Texas at
Austin. U. New Mexico. U. Wisconsin. CEBAF. SUNY at Figure 2: Sketch of a lambertson
Albany, JINR at Dubna. IHEP at Serpukhov, and PNPI at magnet, showing a portion of the
Gatchina. magnetic flux lines generated by
*Operated by the Universities Research Association under the bus bars pictured as crossed
contract with the U.S. Department of Energy. boxes.
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channeling is the alignment and polishing of that surface. A
B. Crystal particle must be strike deep enough into the crystal that it sees

an uninterrupted lattice structure.
The crystal is positioned in the B48 straight section,

replacing one of 4 proton abort kickers normally occupying C. Abort Line Instrumentation
that region. The monocrystal. aligned so that the protons will
travel down the (1,1,0) planes, has the dimensions 30 mm The Tevatron abort line was designed to maximum the
long, 10 mm wide, and 3 mm thick. This alignment is angular acceptance of the aperture at the point of the kickers
produced by remotely controlled optical table positioners with (and now of the crystal). Therefore, the beam in the abort line
a required precision of 0.24 mrad, which is the acceptance itself has very little divergence. To detect the particles sent
angle of the channels. The crystal is bent to create a into this channel, a pair of air gaps near the downstream end of
0.64 mrad deflection, requiring a sagitta of 1.6 microns. This the line have been inserted for instrumentation purposes. The
sagitta is measured by means of optical interferometry. The heart of this equipment is a pair of active, segmented silicon
crystal geometry and bender are shown in figure 3. counters, one in each air gap (which are separated by 40 m).

Each channel of these detectors is read out by a FastBus crate
of electronics physically located in the tunnel. The data
acquisition trigger is derived from a set of p!.a lic scintillators.

Bending Force A secondary diagnostic is a CCD camera imaging a fluorescent
flag. The camera signal is digitized and stored by a computer
as well as broadcast realtime over the Fermilab video
distribution system.

Sc In the Tevatron itself at B48 there are two monitors whose
purpose it is to measure the interaction of the circulating

Aluminum protons with the crystal. The first is a loss monitor identical
to those used in the Fermilab flying wire profile monitor
systems [8J, and is used to measure the turn-by-turn showers

S 0.64 n'ad caused by inelastic collisions of circulating protons with the
- - -- -- -- - -- atoms in the crystal. The interaction rate measured by this

counter will give crystal to beam halo proximity information.
It may also act as a crystal angle diagnostic, where the
inelastic scattering rate drops when the crystal is properly
aligned and the majority of particles are being cleanly
extracted. The second monitor is a phototube aimed at the

Figure 3: Drawing of the crystal crystal surface along the beam. By measuring the photon flux
in the holder which is designed to from the crystal caused by fluorescence, it is hoped that a direct
bend it without distorting the measure of incident protons on the crystal is possible.
lattice structure. The CO abort line is used for disposing of 150 GeV

protons. Therefore, the detectors in the line must retract when
A comprehensive analysis of the effect of the holder on the the Tevatron is not in a 900 GeV store. This is accomplished

crystal lattice was recently completed [7]. The research used with horirontal motion stages driven by standard stepping
the materials program ANSYS to simulate the stresses and motors.
deformation in the crystal while being squeezed in the holder.
It was found that due to the finite stiffness of the aluminum D. Diffusion
benders and the flap-back of the bent crystal, a design bend of
0.96 mrad was required to get an actual full bending angle of Probably the biggest challenge of the crystal extraction
0.64 mrad. Along the surface of the crystal facing the beam. system is the diffusion of particles from the core of the beam
the variation of this bend angle was negligible at the entrance into the halo. It is found in the Tevatron (and expected in the
and exit of the crystal due to the silicon overhang beyond the SSC storage ring) that there is an insufficient population of
lengths of the aluminum pieces. The force required to protons in the transverse or longitudinal halos of the beam
accomplish this bend is less than 11 Ilbs, with a maximum available for extraction. Therefore, transverse or longitudinal
stress in the crystal of less than 1500 psi. external stimulation of beam diffusion are required. In the case

This same study shows that at the crystal entrance at the of longitudinal excitation, the crystal must be placed at a high
top edge of the surface of the crystal facing the beam is closer dispersion point of the magnet lattice.
to the beam than the bottom edge by 40 microns. Because This stimulation must not cause excessive background
this distortion is relatively constant from the entrance face up counting rates in the collider high energy physics detectors.
to the point where the holders start, this effect is not expected Since detector backgrounds are extremely sensitive to tune,
to affect the channeling efficiency. Of greater importance to coupling, and chromaticity, changes in these parameters for
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such processes as resonant extraction are disallowed. In
addition, the extraction process must be very efficient in order IV. PRESENT STATUS
to provide the greatest flux possible to a future fixed target
experiment while simultaneously maximizing the proton With financial support from the SSC Laboratory,
intensity and luminosity lifetimes during each store. Finally, mechanical support from the Fermilab Accelerator Division,
because the fixed target experiment in the SSC will be rate and approval for 72 hours of dedicated accelerator study time,
limited to no more than one incident proton passage per RF experiment 853 is in the process of building all of the required
bucket, a slow and steady method of extraction is necessary. hardware and fabricating the crystals. The micropositioning
Therefore, we and others at CERN [9,10] have come to the stages have been purchased and the required stands and vacuum
conclusion that the most promising technique of populating chamber are under construction. The crystal holder design has
the halo is by generating amplitude dependent diffusion rates in not yet been finalized, nor has the method for measuring the
either the longitudinal (SSC and Tevatron) or transverse (LHC total crystal deflection angle been tested. The detectors and
and SPS) planes. By generating a signal which has a small associated electronics in the abort line are under construction.
effect at low amplitudes but generates large particle diffusion
rates at greater oscillation amplitudes, luminosity lifetime can V. REFERENCES
be preserved while creating a steady state population of
particles which strike deep (greater than approximately 1 1. C.R. Sun and D. Neuffer, Proc. Summer Study on the
micron) into the crystal (hence avoiding surface irregularities Design and Utiliation of the SSC (Snowmass)m eds.
and maximizing the extraction efficiency). This diffusion rate R. Donaldson and J. Marx (APS, New York, 1986),

profile is generated by taking advantage of phase space p. 483.
nonlinearity which create amplitude dependent particle tunes. 2. M. Harrison and T. Toohig. Proc. Summer Study on thenoninceearityawhiche cnlyreate aptude dependnt pirtocale tes.t Physics of the SSC (Snowmass), eds. R. Donaldson and
Since each particle only reacts to signals at their local resonant J. Marx (APS, New York, 1986), p. 534.
frequencies, frequency dependent signal power densities cause 3. B. Cox, et al., Proc. Summer Study on High Energy
amplitude dependent diffusion rates. Though in most cases Physics in the 1990's (Snowmass), ed. S. Jenson
shaped random noise is utilized, it has been proposed to use (World Scientific, New Jersey, 1988), p. 538.
more complicated waveforms 111] to improve the mean 4. C.T. Murphy and R. Stefanski, SSCL Note 428 (1989).
penetration depth into the crystal. 5. The SFT Collaboration, "An Expression of Interest in a

Super Fixed Target B-Physics Facility at the SSC".
III. EXPERIMENTAL GOALS EOI- 14, submitted to the SSC Laboratory (1990).

6. G. Jackson, "Results from Beam Diffusion and

The goal of the Tevatron and SSC crystal extraction Collimation Measurements in Preparation for Fermilab

systems is to remove 10-6 of the circulating protons in the Tevatron Crystal Extraction", Proc. 1993 Part. Acc.

accelerator each second. In the Tevatron this amounts to 106 Conf., Washington D.C. (1993).
7. Z. Tang, "Silicon Crystal Under Bending", Internal

protons/sec being extracted. The present Tevatron luminosity Fermilab Memo TM-1827 (1993).
lifetime is approximately 18 hours. The above extraction rate 8. J. Zagel, et al., "Upgrades to the Fermilab Flying Wire
corresponds to a proton beam intensity lifetime of 278 hours. Systems". Proc. 1991 Part. Acc. Conf., San Francisco
Therefore, the luminosity lifetime during these extraction (1993) 1174.
experiments should be roughly 17 hours, which is barely 9. The RD22 Collaboration. "Status Report on RD22:
noticeable and falls within the normal range of luminosity Crystal Extraction at the SPS", CERN Report
lifetimes (observed variations during and between stores). CERN/DRDC 92-51 (1992).

The main goal of the Tevatron experiment is to prove the 10. S. Weisz, et al., "Proton Extraction from the CERN-

feasibility of efficient and nondisruptive proton extraction from SPS by a Bent Crystal", Proc. 1993 Part. Acc. Conf.,

colliding beams. The Tevatron is perfect for such a study Washington D.C. (1993).
colsidinc, lkea the Tdevatringit is superectondsuctin, asy 11. W. Gabella, J. Rosenzweig, R. Kick, and S. Peggs, "RF
since, like the SSC Collider ring, it is superconducting. a Voltage Modulation at Discrete Frequencies, with
collider. and has high energy physics experiments. The latter Applications to Crystal Channeling Extraction", Proc.
is a distinct advantage over the other crystal extraction 1993 Part. Acc. Conf.. Washington D.C. (1993).
experiment at CERN in that the presently active detectors have
background monitor systems. Therefore, the luminosity
lifetime and detector background rates measured in the Tevatron
are directly applicable to estimates of SSC Collider effects.

Given our experience with applying RF noise and
collimation to the beam during normal collider operations, it
is anticipated that experiment setup work such as diffusion
calibration, crystal alignment, and detector commissioning can
occur parasitically. In this way the study time allocated to the
experiment can be dedicated toward direct observation and
manipulation of extracted beam.
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2 TeV HEB Beam Abort at the SSCL

R. Schailey, J. Bull, T. Clayton, P. Kocur, N. V. Mokhov
Superconducting Super Collider Laboratory*

2550 Beckleymeade Avenue, Dallas Texas 75237 USA

Abstract
The High Energy Booster (HEB) of the Parameter Requirement

Superconducting Super Collider Laboratory (SSCL) will Beam Power:
require a full aperture beam abort over a dynamic energy Collider Injection 192 GW @ 1010/bunch
range of 200 GeV to 2 TeV. Since the HEB is a bi-polar Test Beam(future upgrade) 960 GW @5 x10 10/bunch
machine, both clockwise (CW) and counter-clockwise
(CCW) beam aborts are required. Also, the stored beam Beam Stored Energy:
energy of 6.55 MJ in the superconducting HEB imposes the Collider Injection 6.55 MJ
full aperture requirement. In this report, we describe the abort Test Beam(future upgrade) 32.75 MJ @ 5x 1010 /bunch
channels in the HEB utility straight sections, aperture Proton Energy Range 0.2 to 2.0 TeV
restrictions, mechanical interferences and solutions, kicker Number of Protons 1 x 10 14 @ 5x1010 /bunch
misfires, and a 2 TeV beam absorber. Max

I. INTRODUCTION Number of protons per year 1.8 x 1019 Max @
5x10 10 /bunch

The description of the HEB Abort consists of two Abort Kicker Risetime Current Rise to Maximum
major parts: 1.) the abort channel, common to the HEB ring, within abort Gap time = 1.7
and 2.) the absorber, which lies in a gallery on a line of Ats
tangency (Fig. 1) from the HEB ring. Each part challenges Abort Kicker Flat Top One full Ring Circumference
the design of the 2 TeV beam abort. We shall describe the to abort all beam= 36.1 ILs
"top level" requirements first, and then show how the major Abort Control Automatic & Manual
parts, and their components, meet these requirements. Delay Time Beam removed within three

turns from when any of the
11. TOP LEVEL REQUIREMENTS permits is removed or from

when an abort condition is
Table 1. lists the conditions, or requirements, which detected

are imposed on the abort system. These requirements drive Kicker Pretie/Misfire The abort system shall
what the abort hardware will look like. The most difficult successfully abort beam
requirements to satisfy are those relating to beam energy and within a 10 mm offset from
power. This is true, since any HEB ring component could be the closed orbit with any one
melted if the aborted beam were to strike a limiting aperture kicker misfiring or prefiring.
in the machine, before being aborted, within three turns, to Muon Vector The Muon vector after the
the graphite absorber. backstop shall fall within the

III. ABORT CHANNEL stratified fee site boundaries

The HEB beam may need to be aborted because of Table 1. HEB Abort System Top Level Requirements
either high beam loss, large (> 3 mm) "free" I0 oscillations graphite beam absorber = 400 m from the utility straight
due to kicker misfires, large transverse injection errors, or section. This ±10% droop is consistent with Lambertson
other technical reasons, such as vacuum leaks, refrigeration apertures (Figs. 3,4) and allows the HEB beam absorber to
plant failure, quench detection, etc. When such adverse be placed "close" to the HEB ring, and therefore, far from site
conditions are detected, then the abort kicker magnets are boundaries where "g. vectors" are a concern. We will visit
triggered and fire , with a risetime of 1.7 lis, synchronously this concept in another section. The Lambertson magnets
at the beginning of the abort gap. The kickers move the will be placed in series on the main power bus along with
aborted beam vertically into the field region of the the dipoles and quadrupoles of the HEB ring. This is done to
Lambertson magnets. The field of the Lambertson's is such take advantage of the large inductance, and therefore, time
that the beam is bent horizontally "out of" the HEB ring. constant, T = L/R= 30 sec. This allows the aborted beam to
The kicker magnet waveform has a ±10% droop, such that be extracted from the HEB ring in a "fail-safe" way, even
vertical "painting" of ±25 mm is seen at the face of the with a shorted, or "ground faulted" bus. since the orbit will
* Operated only decay by = 4 mm in the nominal three turns before
thepe..by Universities Research Association, Inc., for beam abort is completed.
the U. S. Department of Energy under contract No. DE- It should be noted that the criterion of a "full
AC35--89ER40486. aperture" abort is satisfied in the following way. The

0-7803-1203-1/93503.00 C 1993 IEEE 1369



dynamic aperture has a radius of = 7-8 mm, and the beamn_15i 1 7

abort provides a radius of 10 mm, thus allowing for all the
accelerated beam, that normally survives field and alignment
errors, to be aborted cleanly to the absorber, even with a , 2zs-.38.100

single kicker misfire.
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and spool pieces. Conceptual design for these special

It should also be noed that the present abort schemeb
has a beam trajectory which offers a mechanical design IV. BEAM ABSORBER
challenge for the two superconducting quadrupoles, QS3 andQS2 (Fig. 2), and associated spool pieces which are directly The location of the HEB absorber relative to thedownstream of abort Lambertson magnets. This is true since ring is constrained by two boundary conditions. First, the "pithe present design minimizes the number of abort kickers and vector" at the site boundary, and second, the AT, orL~ambertson magnets by passing aborted beam through the instantaneous temperature rise of the graphite core of the

=, beam absorber. The first constraint would allow for a design
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Figure 5. HEB Absorber/ Cross Section

to HEB ring. A 2 TcV pi vector is defined as a 10 mrem/year Radius (mm) P-' Length (m)
isodose contour, assuming that aborted beam is attenuated
only through natural earth shield (ie. Austin Chalk). The Figure 7. HEB Absorber Core Temperatures / Single Misfire
aborted beam is absorbed in a graphite and steel absorber, and
the resultant pa vector, as calculated by N. Mokhov, is found It should be noted that between the abort channel
to be 1625 m [11. The HEB absorber is tentatively placed and the absorber there is only a vacuum beam pipe which
some 1900 m from the site boundary. The second constraint, telescopes to 12 in. I.D. to accommodate magnification of
of AT, would allow for a design that would place the 10 mm "off axis" aborted beam, and single kicker misfire.
absorber far from the HEB ring, in order to ,allow natural
beam spot to become larger, and energy deposition and AT, V. SUMMARY
to become smaller. These two constraints are clearly in
conflict. The resolution is to force the "natural droop" of the In conclusion, a conceptual design exists for a full
kicker flat top to be as large as 20% (ie. ±10%) and still fit aperture HEB abortn absorber which addresses all top level
through Lambertson magnets, in order to "paint" a 50 mm requirements and related safety issues.
vertical stripe on the face of the graphite absorber core. This
allows the core to reach a maximum temperature of = 900 1.750 m 2400m

1C. and - 1.100 'C [11 with a single kicker misfire. The
choice of graphite as core material is such that the ionization
shower is spread out over a large volume and minimizes
growth of instantaneous temperatures.

The absorber, as well as absorbing 6.55 MJ of
beam energy, must also protect the environment from ground
water activation. This is, in large part, the role of the iron Z

shield surrounding the graphite core. J. Bull has calculated .650 me
[2] the required amount of iron shielding assuming a
maximum of 20% of all accelerated beam is aborted per year.

[= F / Collidlr Ilnection ( 0.75( 18 p/yr Accelerated & 20% Max Aborted)

Fe /Test Beam (1.5E19 p/yr Accelerated & 20% Max Aborted) Figure 8. HEB Ring / Absorber Tunnel Relative Orientation
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Electrostatic Septa Design and Performance for Injection and Extraction
to and from the MIT-Bates South Hall Ring(SHR)"

S. Sobczynski, R. Averill, M. Farkhondeh, W. Sapp, C. Sibley
MIT-Bates Linear Accelerator Center

P.O. Box 846, Middleton, MA 01949-2846

Abstract
The MIT-Bates South Hall Ring (SHR) is an electron parameters, which include atomic weight, tensile strength

storage ring undergoing commissioning. Electrostatic at elevated temperature, and emissivity. The raw foil
septa are used to inject electrons into and resonantly stock was produced by a continuous shearing process and
extract electrons from the ring. This report describes the exhibited a typical sharp edge roll-up as a result. For this
engineering design and performance achieved for 2 reason, all foil edges were carefully burnished and
electrostatic septa constructed with 270, 50 micron thick, inspected under a microscope (as shown in Figure 1) to
5 mm wide molybdenum foils stretched over a long make sure they were properly rounded off and smooth.
precision machined, C-shaped carrier. The septa gaps are
2 cm and are designed to operate at 50 kV/cm over their
1.5 mn effective lengths to produce a 7.5 mr horizontal
bend for 1.0 GeV electrons.

I. ELECTROSTATICS
The septum gap is 2.0 cm and the anode will be

excited to + 100 kV maximum to produce the desired
gradient of 50 kV/cm. The deflection of an electron
traveling transverse to the electric field is determined by
the following formula:

a = (e/m)* E * L/[c*exp(2)] radians
c = 3*10exp(8) m/s
L = length (in)
E = electric field (V/m)

e/m at 1.0 GeV = 9.0030*10*exp(7) Figure 1. Foil burnishing to eliminate sharp edge roll-up.

The field quality in the mid-plane of the septa is very
good based on POISSONWI, and calculations of the The foils were mounted along a carefully machined
geometry"21, which was varied in the height of the foils foil carrier, which was fabricated from Type 316 SS and
above and below the mid-plane and the spacing between annealed 3 times during various phases of manufacture in
foils to obtain the design selected. The ratio of the order to produce a stable, stress-free structure, which
maximum field gradient to the average fie!d gradint is would be immune to thermally-induced warpage.
called the field enhancement factor13 ana for the foil
septa design this factor is minimized, consistent with A creative foil tensioning/extraction mechanism
reasonable spacing needed for assembly. (shown in Figures 2 and 3) was developed, to maintain a

constant 3.9 kg tensile force per foil, in order to prevent
II. MECHANICAL AND VACUUM both excessive and non-uniform deflection in the

There are 270 active foils and 3 guard foils made out electrostatic field, as well as to allow rapid spring-
of molybdenum, produced by Metalwerk Plansec GmbH activated removal of a failed foil from the active gap area.
of Austria, and procured from SAL. Other materials, such This action averts a high-voltage short and enables
as tungsten, had been considered, but molybdenum was continued operation of the septum, but at a somewhat
chosen based on its optimum combination of lower (-0.35%/foil) deflection angle.

* This work is supported in part by the Department of Energy under contract #DE-AC02-76ER03069.
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Tensioning
Spring Retraction

Anode Spring

I ligh Voltage \Foil
BeO Standoff

2 cm
Foil Carrier

Figure 2. Foil carrier cross-section. Shown: foil Figure 4. Internal components suspended from the top
tensioning/retraction mechanism. cover. The anode is shown supported by temporary

AL203 insulators.

Fig Leading edge of the foil carrier with 3 guard
foils and first 2 out of 270 active foils shown.

All internal components of a septum, such as: the foil
carrier assembly, the anode assembly, the high voltage
feedthrough, the guard electrode, the signal feedthrough, Figure 5. Injection electrostatic septum installed in ring
and the viewing ports, were mounted/suspended from the lattice.
top cover of the cylindrically shaped vacuum vessel as III. ELECTRICAL
shown in Figure 4. This configuration allows easy access The stainless steel anode is burnished to reduce
to all internal components during the various phases of asperities, which helps suppress arcing and pitting of the
the assembly, alignment, as well as for future maintenance surface. The electrical standoff insulators were made of
or repairs. BeO to provide a high voltage standoff and a high

thermal conductance path to the tank for any heat input
The vacuum vessel was fabricated from Type 304 SS to the anode.

following all prescribed UHV practices(4). A 230 1/s ion
pump attached under the vessel to a large diameter The high voltage feedthrough is per a commercial
pumpout port is the only septum component not attached design obtained from Ceramaseal. The high voltage
to the top cover. power supply, cable connectors and series/resistor box

were purchased from Glassman, Inc. The series resistor
A six-strut septum support stand shown in Figure 5 absorbs the energy in the cable if the septum arcs,

was designed to support and allow remotely controlled reducing the potential damage to the anode surface.
horizontal motion of each end of the septum by ± 1 cm.
Two of the horizontal struts were motorized using stepper The foil carrier is grounded to the tank through 50
motors, and the remaining struts, 3 vertical and 1 axial, ohms to allow monitoring of any collected current if the
were made over 60 cm long to control their "cosine beam should hit the septa. The guard electrode can be
errors" in those struts for the intended horizontal motion, biased up to -3kV below ground by a separate connector
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and power supply. The intent is to use this circuit to VII. REFERENCES
reduce the flow of secondary electrons to the anode, when
the guard foils are struck by the beam, as they must [1] Reference Manual for the POISSON/SUPERFISH
during the resonant extraction process. Group of Codes, Los Alamos National Lab, LA-UR-87-

126 (1987).
During the assembly of the injection septa, the BeO

insulators were not delivered in time, so a temporary fix [2] G. Parzen, BNL 50536, CH 7 Jan. 1976.
was made by using stock A1203 insulators and modifying
the supports to allow testing of the septum but not at full [31 M. Olivio, et al., "An Electrostatic Beam Splitter for
voltage. The modified anode circuit withstood 50 kV the SIN 590 MeV Proton Beam" IEEE Trans Nuc. Sci.
easily. The septum windows were a source of X-rays when Vol. NS-28 No.3, June 1981.
the high voltage processing was performed and bluish
light was seen near the modified insulator ends. The [4] J.T. Walton, Technical Specifications for Electrostatic
rating of the modified unit was reduced by 1/2 from the Separator Vacuum Vessel 2214-ES-261549.
design. This allowed the injection septum to be installed
and inject electrons (5 mr bend) at about 300 MeV
operating at 20 kV. The present plan is, at some
convenient time, to install the now delivered BeO
insulators.

IV. FIDUCIALIZATION
The foil carrier was set up and fiducialized to verify

that the edges of the C-shaped foil carrier were flat and
parallel. The 2 cm gap spacing between the foils and the
anode was surveyed in and verified and the whole
assembly was fiducialized to allow placing the septum on
the designed beam orbits for injection and circulating
beams. An important measurement made at final
assembly was the effective thickness of the 270 foils when
mounted on the foil carrier. For the injection septum this
was found to be 145 microns versus the 70 microns
expected thickness. When the extraction septum is
constructed, a number of different assembly steps are
planned, which are expected to reduce the effective
septum thickness to the design value.

V. TESTING
The injection unit was installed in ring lattice and

tested to the 50 kV level consistent with the shorter
A1203 temporary standoff insulators after high vacuum
was obtained. The electron beam used to test the
deflection of the beam into the ring was 300 MeV so that
the operating voltage required was about 20 kV. The
electron beam was deflected smoothly by computer
control of the power supply.
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Injection into the Elettra Storage Ring

D.Tommasini
Sincrotrone Trieste,Padriciano 99,34012 Trieste,ltaly

Abstract sine wave pulsed magnetic field with a repetition rate of 10
The Elettra storage ring will be filled with a 2 GeV pps.

electron beam from its full energy linear accelerator. Two
pulsed septum magnets will be housed in a vacuum tank and TABLE 1. Main parameters of the kicker magnets.
four identical fast kicker magnets in air, with an internal Energy of the electron beam 2 GeV
ceramic vacuum chamber, will be symmetrically placed around Deflection 22 mind
the mid-point of a single straight section. The layout of the Peak magnetic field 600 mm
injection section, the design of the main individual Magnet inductance 1.5 iH
components, their manufacture and the results of the relevant Peak current 8.5 kA
test are presented and discussed. Peak voltage 15 kV

I. INTRODUCTION Pulse duration 5 lIs

The design of the layout of Storage Ring Injection has stainless steel housing

been already described and discussed in a previous paper [1]. copper -upper sid
All the injection components are now constructed, tested and
installed in the storage ring. The injection elements (Figure 1) ( - 48mm

consist in: 90 M
-a vacuum tank housing two septum magnets; i, 'ber ' .s..',in ",sulo,
-four kicker magnets symmetrically placed around the mid- 0.1 111111 a.inalions..---

point of a single straight section glued with epoxy resin

-4our ceramic tubes as vacuum chamber for the kickers; 2

-the power pulsers for the kickers and the septa. 230mm

Figure 2. Kicker magnet cross section.

The magnet is splittable into two parts to allow the
insertion of the ceramic vacuum chamber. The coil is made by
two half coils connected in parallel, the insulation is a fiber
glass tape impregnated under vacuum with a standard epoxy
"resin type bisphenol A (Araldit F) with anhydride hardener and
amnine-substituted phenol-type accelerator.

bt The kicker support (Figure 3) is made to position and fix
two adjacent magnets, with the possibility of lowering the
bottom side of the support for the ceramic vacuum chamber
bake out.

Figure 1. Layout of Storage Ring Injection.

II. KICKERS

A. Magnet

The kickers (Table 1) are window frame magnets, with a
frce window 90 mm wide and 48 mm high (Figure 2). The
imagnetic core is made by 0.1 mm thick laminations, which

arie able to provide the required 0.22T peak, 5 gts duration, half Figure 3. Half kicker magnets on the support.
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B. The pulse power circuit.

The pulse circuit [Figure 4] is of the capacitor discharge
type, with a resistive recovery path. The capacitor is charged
to the peak voltage, then the thyratron is fired when the pulse
is required and the anode voltage falls to its conduction value.
In order to keep the negative anode voltage after the forward
conduction at the lowest possible value the recovery resistance
has been carefully chosen. The reverse arcing, in the thyratron
which is still highly ionized due to the very high peak current
pulse, causes circuit ringing [2] and, due to the evaporation of
the cathode emissive coating, causes severe damage to the
electrodes surface [3], thus shortening the lifetime of the tube.

The use of a low value recovery resistor resulted in a Figure 6. The thyratron box.
smoothing of the current pulse (Figure 5), limiting the
negative anode voltage after conduction below 1000 V.

C. Test results.
1.4 a•

Extensive tests have been made on the pulser [4], to
verify the ability to operate at 10 pps without fault fires and
with an acceptable lifetime. More than 2 million pulses have
been fired up to now in a well monitored prototype pulser
with excellent results and without any significant degradation

Thyrato of the thyratron.
The behaviour of the laminated magnetic core of the

kickers was also first verified with a 200 nun long prototype,
supplied by a 3 ts duration half sine-wave pulse; then all the
four series magnets have been tested to measure the magnetic
field inside the magnets and the linearity current-magnetic
field. The behaviour of the magnetic field along the

I:igure 4. Kicker magnet power pulse circuit. longitudinal axis is shown in Figure 6.

lpeak=8800 A The residual magnetic field was also measured along the

S Vsupply=15520 V magnetic axis, an integrated value of 9.6 Gauss-meter was
.... - ...... obtained after having supplied the magnet at the maximum

. . _peak current for several pulses. The same integral was obtained
- -- for the four different magnets, resulting in a negligible total

L . . integrated magunetic field for the four magnets when operating
in the straight section.

-- 2--

Figure 5. Anode voltage-current waveforms. magnet end

0,

The pulsers are placed close to the magnets to minimize the E 0

total discharge circuit inductance. The thyratron filaments are
Nupplied by two step-down transformers housed in a metallic %

box which acts also as a support and a forced air cooling
system for the thyratron itself (Figure 6). All the main control 00 ,
And monitoring electronics are placed in the service area, Mag el 00 200 300 400

behind the concrete shielding blocks where people is allowed Dist. from center (cm)

it) access for maintenance during the operation of tie machine.
The trigger grid signals are then transmitted with a coaxial Figure 6. Behaviour of the magnetic field along the
cable from the service area directly to the thyratron. longitudinal magnet axis.
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D. Ceramic Vacuum chamber III. SEPTA AND VACUUM TANK

The vacuum chamber inside the kicker magnets (Figure A detailed description of the injection vacuum chamber
7) is made of ceramic in order to let the pulsed magnetic field (Figure 9) and of the two septum magnets can be found

pass through the wall of the chamber. The inside of the elsewhere [7].
chamber is coated with a 3 pm thick titanium layer to provide The chamber allows the primary storage ring pressure of

a conducting path for the image charges [5]. As most of the 10-9 torr to be maintained and the septum magnets to be

image currents flow close to the beam in the centre of the individually displaced to optimize the injection precess.

chamber, it was possible to decrease up to 1.5 gim the
thickness of the coating in the curved parts of the vacuum
tube. Titanium was chosen for its very good reactivity and
adhesion with ceramic, due to chemical bounds to the silicon
phase of the alumina [6].The vacuum chamber is a monolithic
tube 710 mm long with a minimum thickness of 3.5 mm,
maximum 5.0 mm, 72 mm wide and 34 mm high. To achieve
the highest mechanical strength the chamber was isostatically
pressed. The external surface was grinded and the inside was
fired at the final roughness of 0.8 mim. The ceramic tube was
braised to a covar ring, then welded to a stainless steel bellow
and to a CF flange. The continuity of the vacuum chamber
shape between the ceramic side and the stainless steel side
through the bellow was obtained by inserting RF contacts
(Figure 8). Figure 9. Septum magnets vacuum chamber.

The septa are two laminated 760 mm long magnets with a
curved shape to keep the inductance at acceptable values.

The magnets are of the eddy current type, i.e. the septum
screen acts against the magnetic field leakage thank to the
rapid variation of the pulsed magnetic field which is produced
by discharging a capacitor into the magnet coil. The magnets
are cooled by copper straps connected to the vacuum tank, then
externally water cooled.

IV. REFERENCES

[1] D.Tommasini, "The Elettra Fast Magnets", Proc. of the
3rd EPAC, Berlin 24-28 March, 1992.

[2] D.Tommasini, "High current, high voltage pulser for the
Elettra kicker magnets", Proc. of the 3rd FPAC, Berlin
24-28 March, 1992.

[31 G. Mc Duff and K.Rust, "Life extension of thyratrons in
I:igure 7. The ceramic vacuum chamber. short pulse circuits with the use c: saturable magnetic

sharpeners", IEEE 19th Power Modulator Symposium,
San Diego,CA, June 26-28, 19W0.

[41 R.Fabris, D.Tommasini and P.Tosolini, "Test Results of
the 8.5 kA, 15 kV, 10 pps Pulser Prototype for the
Elettra Kickers", Sincrotxone Trieste Internal Note ST/M-
92/12.

[5] E.Karantzoulis, "On the resistive coating of the Kicker
ceramic chamber", S.T. Internal Note 91-1.

[6] M.Mayer ct al.,"Metallized ceramic vacuum chambers for
the LEP injection kicker magnets.", CERN SPS/88-19.

[7] R.Fabris, M.Giannini, D.Tommasini, P.Tosolini, These
Figure 8. The RF contacts. Proceedings.
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The Septum Magnets System of Elettra

R.Fabris, F.Daclon, M.Giannini, D.Tommasini, P.Tosolini

Sincrotrone Trieste,Padriciano 99,34012 Trieste,Italy

Abstract OFHC copper conductors with ceramic spacers. The magnet
Two septum magnets are used to deflect the 2 GeV has a curved shape with a total length of 760 mm (Figure 2)

electron beam coming from the transfer line into a trajectory to keep the inductance at the lowest value.
which is parallel to that of the beam circulating in the storageo_____
ring Elettra. The septum magnets will be housed in a UttV o 1...........
vacuum tank, thus avoiding a physical separation between the
transfer line and the storage ring vacuum systems. In order to
obtain a high injection efficiency, the two magnets will be 78rnm

individually supplied with a high peak pulsed current and their ...... isolators

positions can be individually adjusted with an external coors

mechanical system. The design of the whole system, the
manufacture and the results of the relevant tests are presented r C 0 15mmn --------- - - - -----------

and discussed.

I. THE SEPTUM MAGNETS

The septum magnets main requirements are shown in
Table 1. The pulsed high peak magnetic field is produced with
a magnetic core made of thin silicon iron laminations.
Commercially available 0.18 nun thick laminations have been Figure 1. Septum magnet cross section.
chosen in order to keep the magnetic field value inside each

lamination below saturation. The specific degassing rate was measured with a 100 mm

long prototype according to PNEUROP specifications. The
TABLE 1. Main parameters of the septum magnets tests result was:

Energy of the electron beam 2 GeV q=6 10 mbar-l/sec-cm 2

Deflection 80 mrad The following assembling procedure has been adopted for
Magnetic length 720 mm the magnets:
Physical length 760 mm -US cleaning of all the components and the assembling
Peak magnetic field 0.76 T tools.
I ree, aperture 3OHx15V mm -Assembly in clean room, with a grinded tool.
Nominal distance septum-closed orbit 25 nun -300 TC bake out in a vacuum oven.
Minimum thickness of the septum sheet 2.1 mm -Dry N2 protection in an envelope.
Magnet inductance 2.5 pIlt :
Peak current 9.0 kA
P1eak voltage 1.8 kV
Pulse duration 60 gts

To shield the stored beam against the magnetic field
produced inside the magnet, a tapered thick copper plate makes
the separation between the septum magnet environment and
the storage ring vacuum chamber (Figure 1). Eddy currents
flowing in the screen are able to reduce the integrated magnetic
field below the maximum allowed value of 15 Gauss'm.

Due to the vacuum environment, no glue was used for
the laminations: therefore oxide isolated laminations have been
assembled in a stainless steel housing. All the components
have been designed with UIIV criteria to avoid any trapped air
and to allow the gas between the laminations to be extracted Figure 2. The septum magnet with and without the copper
from the magnet. The coil is made by a parallel of three shield.

0-7803-1203-1/93$03.00 0 1993 IEEE 1378



The total amount of losses can strongly be related to the
II. POWER CIRCUIT. injection efficiency, therefore the magnets are cooled from the

copper screen to the upper flange of the vacuum tank through
The septum magnets are powered by two independent short copper straps. A hollow tube for water cooling from the

pulsed circuits, providing a high peak half sine wave current. external side of the vacuum tank (Figure 7) is then fixed to the
Tbe circuits (Figure 3) are of the capacitor discharge type, the flange.
capacitor bank is made of 20 metallized polypropylene The vacuum system is made by:
capacitors, 5 gIF capacitance each, rated for 2400 VDC. The -one prevacuum turbomolecular oil free pump (500 I/sec);
switch is a fast turn off power thyristor. A recovery of energy -two SIP 960 I/sec each;
is provided by an inductance ten times higher than that of the -two NEG modules 1000 i/sec each;
magnet. The recovery diode and the thyristor have been The "in situ" vacuum procedure will be the following:
snubbed, in order to limit the reverse voltage which appears a)prevacuwn
during the turn off (Figure 4). This configuration was tested b)2000C bake out
for several million pulses at a repetition rate of 10 pps with a c)SIP activation
supply voltage of 1800V and a corresponding peak current of d)NEG activation.
9000 A.

S100 95 IL 25.pH

S~Figure 5. Layout of the septa inside the vacuum tank
Figure 3. Power pulse circuit

trtk.I P S,~:

500 V2div

2000 d IL __01 . P 0LJ_

Figure 4. Thyristor voltage and current waveforms.
Ill. THE VACUUM TANK Figure 6. The septum magnets vacuum tank.

The main tasks of the vacuum tank (Figure 6) are: C . OUNG TUBES
-to maintain the primary pressure of the Storage Ring;

-to keep the electrical continuity of the vacuum -
chamber of the Storage Ring: an internal chamber is connected .L- - NL . ST L

to the side bellows through electrical contacts avoiding sharp ----. STAINLESS STEEL FLANGE
variations for beam impedance reasons.
-to allow independent radial adjustment (15 mm) of the two / -

COPPER WIREsepta (Figure 5); EW
-to cool the magnets;
-to supply the magnets. Figure 7. The septum magnets cooling system.
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0.8

IV. MAGNETIC TEST RESULTS

The linearity of the peak magnetic field versus the peak -

supply current has been measured by integrating the signal -.
CL*from a coil probe. The results show a perfect linearity within o 0. 4a

the accuracy of the measurement system (a digital oscilloscope d o
+ some electronics) up to the highest field values (Figure 8). coo

E
1.0-

"0 0.8- 0.0
7j.0-30 -20 -10 0 10

"0.6 Distance from the end (cm)
O) 0Figure 11. Peak magnetic field along the longitudinal axis.

S0.4' The behaviour of the magnetic field outside the septum screen

E at the 2.1 mm thickness location has also been measured
_ 0.2- (Figure 9 and Figure 10). The longitudinal scan of the peak

magnetic field is shown in Figure 11.

"0.0 .V. CONCLUSIONS
0 2000 4000 6000 8000 10000 12000

Peak current (A) The septum magnets that have been installed in the 1.5-
2.0 GeV Light Source Elettra presently under construction in

Figure 8. Peak magnetic field vs. peak current. Trieste have been described. The magnets will operate in
.. "" a I vacuum without direct water cooling, the magnetic field

.r:ll .leakage is kept below 15 Gauss-m by using an eddy current
screen. The vacuum system has been designed to maintain
inside the septa vacuum tank the primary pressure of the

I " 00l A/div. Storage Ring, in the range 10-9-10-10 torr.
The magnets have been completely constructed and

,-. ---- -- .assembled in house, the vacuum chamber was delivered by
RIAL (Parma, Italy).

--100 Gauss/div-1- 0
Figure 9. Magnetic field 2 im far from the septum screen.

200

0

S100,

C
0)
E

0

a..

0 20 40 60 80 100 120

Figure 10. Peak magnetic field vs. distance from the septum.
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High Voltage Vacuum Insulation in
Crossed Magnetic and Electric Fields

W.T. Diamond
AECL Research, Chalk River Laboratories

Chalk River, Ontario, Canada, KOJ IJO

Abstract the outer edge. Isolated sparking plates are positioned above
and below the electrodes and the magnetic field has the

Research on high-voltage vacuum insulation has been orientation shown in Figure 1. A glass window is mounted
conducted uqing several test stands to support development of on the side of the chamber for visual or X-ray
an improved electrostatic deflector for the Chalk River measurements. For some measurements, a second insulator
superconducting cyclotron. One test stand uses a magnetic and positive 100 kV power supply was used to obtain nearly
field of 0.5 T normal to the electric field. It is instrumented 200 kV between the electrodes. The chamber was pumped
with isolated electrodes above and below the negative with a turbomolecular pump and maintained a vacuum of about
high-voltage electrode, an isolated anode and monitors of 10-' toff. A Residual Gas Analyzer (RGA) was used to
X-rays, light emission and residual gas analysis. This test measure the outgassing produced by high electric fields.
stand has been used to study high-voltage conditioning and
microdischarge phenomena for gaps from 1 to 3 nun.
Copper and stainless steel with a variety of surface treatments III. HIGH-VOLTAGE TESTS
have been used during these experiments. Results from this
research have led to improved understanding of high-voltage The test stand was used for a number of high-voltage
conditioning in "practical" vacuum systems that reach about tests. Electrodes made from 304 stainless steel and
2*10-7 torr with no bakeout capability. DC electric fields as Oxygen-Free, High-Conductivity (OFHC) copper were
high as 67 kV/mm (100 kV across a 1.5 mm gap) have been subjected to different surface treatments and then tested to the
obtained with vacuum degassed and electropolished copper maximum electric field that could be sustained. Two types of
electrodes. Other surface preparation have been tested and 304 stainless steel were used. One was commercial grade 304
results are compared in this paper. and the second was vacuum re-melted.

Typical testing procedures were to set a wide gap
I. INTRODUCTION (from 1 to 2 cm) and condition the chamber for about one

hour to the maximum power supply voltage. Considerable
The electrostatic deflector of the Chalk River outgassing often occurred during this process. The high

superconducting cyclotron operates in a magnetic field of 2.5 voltage was then turned off and the gap re-set to values such
to 5 T. It has been observed [ 1] that operation of electrostatic as I or 1.5 mm for a given test. The voltage was increased
deflectors in a strong magnetic field can reduce the peak
electric field compared to operation without magnetic field.
A test stand has been built [2] that permits high- voltage

tests with a 0.5 T magnetic field normal to the electric field.
Tests have been made with stainless steel and copper Ik OHM

electrodes with and without magnetic field. No significant
differences have been found attributable to the magnetic
field. However, the well-instrumented test stand has been 0.5 T
used to obtain valuable insight into vacuum high-voltage
insulation.

II. TEST STAND

Figure I shows details of the test stand that was I k OHM
used for these measurements. Negative high voltage is
piovided by a 100 kV supply that is fed through one of the
insulators developed for the Chalk River superconducting
cyclotron [2]. The anode is mounted on a moveable solid I OHM

rod that is isolated from ground with 1 kQ resistor and a 10mm

protective spark gap. The electrodes were made from 1.9 1
cm diameter by 1 cm long cylinders with a 2 mm radius on Fiure I Details of the test stand.
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to about 30 kV in 10 minutes and then in 5 kV increments
with 10 to 30 minutes of conditioning between increments. w 60

Observations were made of the electrical activity to the z
sparking plates and anode, X-ray production and the D Xrays

composition of outgassing that occurred as the voltage was )5

slowly increased. <

40

F-

IV. ELECTRODE PREPARATION M
<

Surface preparation for these tests included 30 ANODE CURRENT

as-machined, polishing with an abrasive pad, electropolishing
and heat treatment in a vacuum oven. Samples that were 3
heat treated were either electropolished and heat treated or - 20
heat treated and electropolished. The heat treatment was to z
about 850°C in a vacuum that was measured as 2 x 10.- torr L

in a cool region of the oven. Samples were heated for 1 0-

several hours at this temperature followed by a cooldown of U

about 12 hours. The electropolished samples were rinsed
in running tap water followed by a rinse with ethyl alcohol. ..-..

After these procedures the samples were transferred in air T 1 0E ( m 0 c r o s o c o n d s 2)

and installed in the test stand. TIME_______________

Figure 2 Microdischarge activity between two electrodes at
V. PROCESSES AT INCREASING 2.5 mm gap. The top trace shows x-ray activity. The lower

ELECTRIC FIELD trace shows electrons collected on a sparking plate.

The processes that occur at electrode surfaces are
complex and still poorly understood. Electrical breakdown X-ray production before a microdischarge, indicating that FEE
may be initiated by Field Emitted Electrons (FEE) especially production is not a precursor to the process. The magnetic
for gaps of less than a few millimetres. The electrons are field does not change the shape or the approximate electrical
produced from sites on the cathode and impinge on the anode charge collected. Electron collection changes from the anode
producing heat and an intense source of X-rays. The to the sparking plate and the X-ray yield changes because of
intensity of field-emitted electrons increases exponentially with geometric considerations.
electric field. This can result in electrical breakdown from Residual gas analysis shows that a single
two sources: the field emitter can explode (explosive emission) microdischarge produces a measurable gas release, mostly of
producing a cathode plasma or anode heating can cause a hydrogen (50 to 80 percent) and light hydrocarbons. The gas
plasma to form near the anode. The former is more likely to release per microdischarge has been estimated to be about 5 x
occur during fast high-voltage pulses while the latter is 10's molecules per burst. Visual observations with a "night
common for dc high voltage, vision" camera show that the microdischarges are typically

Microdischarges are another common phenomenon from a few discreet locations. Depending on the details of gas
that occurs between electrodes for gaps from one to many evolution, it may be that this is sufficient gas to support a
millimetres. These are partial discharges that extinguish Townsend type of discharge. The gas density then becomes
without a full breakdown between the electrodes. Figure 2 too small to support the discharge and it extinguishes.
shows a typical microdischarge between two stainless-steel
electrodes at a gap of 2.5 mm and 60 kV. The upper trace VI. RESULTS
shows X-ray production measured with a 1 cm3 cesium iodide
crystal mounted on a photomultiplier. The pulse is caused by Microdischarge production occurs for some surface
pile-up of -C-rays during the microdischarge. The lower trace preparations but not all. As-machined surfaces and surfaces
is the signal measured on a sparking plate (the magnet was polished with abrasive pads usually produce field emission and
on). The slow rise time and long pulse width suggests that sparking at low fields and do not produce microdischarges.
the microdischarge is caused by the motion of gas atoms or Electropolished surfaces generally produce microdischarges at
ions. Some of these must travel from the anode to the moderate fields. Field emission and sparking are then
cathode, releasing secondary electrons upon impact because suppressed until significantly higher fields. This is shown by
there is always X-rays and visible light produced during each the data in Figure 3. The surface that was electropolished and
microdischarge. Secondary electrons released from the anode heat treated produced no observable activity until
would not produce X-rays. Figure 2 shows no X-ray microdischarges at about 50 kV. When these electrodes were
production after the microdischarge. There is usually no conditioned slowly (3 kV increments every 20 minutes), fields
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as high as 65 kV/mm were reached before a spark changed
the activity from microdischarges to field emission. After 0
the spark, the field was increased slowly until about 77 a- .- A*As rach tned

g ------ Abres~ve Pod

kV/mm before a destructive spark occurred. V q2f E. P. + H. T.

Table 1 shows a summary of some results obtained 0 10 2_ +

with copper and stainless-steel electrodes. The table shows L

the onset of microdischarges (fidis), field emission (FEE) .- "

and the maximum field (max). E

TABLE I
Grade Process Gap Electric Field (kV/mm) z

mm FEE M~dis max CY 10
COPPER CL

ETP EP+HT 1 66 50 78 U
OFHC HT+EP 1.5 >66 37 >66
OFHC AP 1.5 33 -- 43 w
OFHC AM 1 27 -- 45 LL
OFHC EP+HT 2.2 40 30 65
OFHC HT+EP 3 47 33 57 120' 40 60 80

VOLTAGE (k V)
STAINLESS STEEL

304 EP 1 55 36 73 Figure 3 The maximum voltage sustained by two OFHC
304 HT+EP 1.5 30 -- 63 copper electrodes for three surface treatments. Repeated
VRM EP 1.5 43 26 55 sparking occurred at the highest voltage shown for each curve.
VRM HT+EP 1 30 -- 75

with copper electrodes. Copper treated in this manner had
ETP Electrolytic Tough Pitch superior high-voltage performance compared to stainless steel
VRM Vacuum re-melted 304 SS with any surface treatment tested to date. Tests with two
EP Electropolished high-voltage power supplies have reached breakdown fields as
HT Vacuum degas at about 850°C high as 57 kV/mm over a 3 mm gap with heat treated copper.
AP Abrasive pad
AM As machined VIII. ACKNOWLEDGEMENTS
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copper electrodes that have been heat treated and
electropolished hold higher electric fields than stainless-steel IX. REFERENCES
electrodes. The stainless-steel electrodes also reach field
emission at lower fields than the copper electrodes. A tedious [I] W.T. Diamond, C.R. Hoffmann, G.R.
conditioning process was required to eventually reach the Mitchel and H. Schmeing, "Performance of
maximum field shown in this table for stainless-steel the Electrostatic Deflector of the Chalk
electrodes. River Superconducting Cyclotron%, XIV

The two measurements at 2.2 and 3 mm are the first International Symposium on Discharges and
using two high-voltage supplies. Electrical Insulation in Vacuum, Santa Fe,

New Mexico, (1990), p. 630.
VII. SUMMARY

[21 C.R. Hoffmann and J.F. Mouris, "Model
A test stand with a 0.5 T magnetic field orthogonal Study of an Electrostatic Deflector

to the electric field has been used for high-voltage tests of Configuration with an Intermediate
copper and stainless-steel electrodes at gaps of I to 3 mm. Electrode", Proceedings of the 13th
The magnetic field did not produce significant differences in International Conference on Cyclotrons and
the maximum fields attained but was a useful diagnostic tool their Applications, Vancouver, (1992) p.
in the study of microdischarges. 577.

Surface treatments such as vacuum heat treatment to
temperatures of greater than 850°C followed by
electropolishing have been used to obtain very high dc fields
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Injection system for the SIBERIA-2 storage ring

G.Erg, A.Evstigneev, V.Korchuganov, G.Kulipanov, E.Levichev,
Yu.Matveev, A.Philipchenko, L.Schegolev and V.Ushakov
Institute of Nuclear Physics 630090 Novosibirsk, Russia

2 BeAbstract __ J ý_B

Abtac M2DIF1 F2 02 4M3 03 F3 4M4 F4

A single-turn injection scheme with two kickers and 2

one septum was proposed to be used for injection into 10 2Or11

SIBERIA-2. The incoming 450 MeV electron beam from Figure 1: The electron beam sizes in TL-2.

the SIBERIA-1 storage ring is injected with 20 degrees hor-
izontally. The fast kickers generate electromagnetic pulses to 30. The injection procedure is repeated with a frequency
with rise and down time of 3 ns and a flat top of 15 ns du- given by the booster, the storage ring SIBERIA-i. The
ration. The septum magnet provides a pulse of magnetic gived rate oostent storage ring of Thufield about 100 ps duration with 20 kG amplitude. This expected rate of current storage for a circulation of about
report shows the injection scheme, the design of 450 MeV 100 mA is roughly equal to 10-20 min. Table 1 shows the
transeportlinesan injection esuipment.he desults of 45 he injection parameters of the stored beam for the septum az-
transfer line and injection equipment. The results of the imuth.
relevant tests of septum and kickers are discussed.

Table 1

I. INTRODUCTION SIBERIA-2 (450 MeV and 100 mA single bunch mode)
Revolution frequency f,, , MHz 2.465

The injection part of the SIBERIA-2 consists of a 80 MeV Harmonic number q 75
electron linear accelerator, a 450 MeV booster storage ring RF wavelength A. , m 1.655
SIBERIA-1 and two electron transfer lines - TL-1 and Damping times r,, rZ, rT, sec 0.52, 0.54, 0.26
TL-2 [1]. In November-December of 1992 the linac and Emittances c,, (,, cm-rad 34 x 10-6, 3.4 x 10-6

SIBERIA-i were commissioned and now the work is con- Beam sizes a,, a,, a., cm 0.25, 0.05, 2.7
tinued with the 450 MeV electron beam in SIBERIA-1. Beam life time (Touschek), hr 0.7
SIBERIA-1 operates in single-bunch mode and the stored
current is supposed to be 100 mA. The ejected 450 MeV
beam has the energy spread UE/E = 3.9 x 10-4 , the II. INJECTION
bunch length is a, = 30 cm and its horizontal emittance is
S= 8.6 x 10' cm-rad. For the SIBERIA-2 storage ring the injection scheme was
The ejected electrons are transferred from the midplane of chosen to be horizontal with one prekick of the stored beam
SIBERIA-1 to the midplane of SIBERIA-2 by means of the and one kick of the iHjected and stored beams, Fig.2. The
20* vertical bending magnet of TL-2. Then after two 20' SIBERIA-2 lattice comprises six mirror-symmetrical su-
horizontal bends the electron beam comes to the SIBERIA-
2 septum magnet. To match the optics of SIBERIA-1 and
SIBERIA-2 eight quadrupole lenses are used. There are
also four vertical and two horizontal correctors to control
the trajectory in TL-2. To prevent the SIBERIA-2 vac-
uum deterioration the Be-foil of the 100 ,im thickness is
installed at the end of TL-2. Fig. 1 shows the electron a F: -

beam sizes along the transfer line TL-2.
SIBERIA-2 is designed to be capable of operating both in
the 100 mA single-bunch mode and in the 300 mA multi-
bunch mode. A maximum possible bunch number is equal Figure 2: The layout of storage ring injection scheme.
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perperiods with achromatic bends. All injection devices amplitude 2 T, the horizontal aperture 10 num, the vertical
are located inside the achromatic bend. aperture 14 ram, the total azimuth length 0.294 m and the
Due to the achromatic bend the horizontal betatron phase bending radius 0.75 m.

The compact pulse septum has been designed and manu-
EPTUM X, factured according to the initial requirements:

S ,'- to operate in the high vacuum conditions at the pressure

"as low as 1 - 0.1 nTorr and to be heated in situ up to
STORED BEAM 400-C,

"M , x- to have a low leakage magnetic flux to avoid the distor-

BUMPED BEAM tion of the circulating beam,
L._ I-46 --- to have high mechanical strength and high stability of

12 the pulse field amplitude.
1_ 22.5 7.5 The septum has been made of copper. The septum electri-

Figure 3: The injection horizontal phase space. cal scheme is system of the three conductors shorted out
at one of the ends, Fig.4. Another end is connected to the

advance from the center of a superperiod to the center of 300 V voltage output of a pulse transformer, feeded by a 7

the quadrupole F2 does not depend on the betatron tune
and is always equal to 7r/2. A prekicker and a kicker are 294 A-A
housed inside the vacuum chamber of lenses F2 with the (A r r)co

7r-phase advance between them.
Prior to the injection the prekicker deflects the stored beam
(the maximum angle is equal to 5 mrad) in parallel to the R ..

equilibrium orbit at 1.25 cm towards the septum knife.
The kicker dumps the deviation of the stored and injected
beams. The kikers location permits us to use more ef- R750
fectively the ring horizontal acceptance and to dump the TRAJECTORY

deviation of the stored beam rather precisely, that is im- -CERAMIC RIYG

portant for the storing in the single-bunch mode.

Fig. 3 shows the injection scheme in normalized horizon- Figure 4: The cross sections of the septum.
tal phase space. In the case, when the kick is equal to the
prekick, the needed horizontal aperture is kV pulse generator. The available pulse repetition rate is

0.1 Hz. The parallel skin currents induce a magnetic field
X = (A#,3x0)1/2 = 4ox + i + 2 = 22.5mm, on the injected beam trajectory being passed between the

where 4a, = 10.1 mm is a distance between the deflected central and external conductors.
orbit and the septum, t = 2.4 mm is the total septum knife The magnetic forces of about 1.5 t act on the central bus
orbithickndtess, ptum, t = 10 4 mm is the total septum anise in the opposite directions. The good dynamical balance of
thickness, 2acp e = 10 m = 17 m is the aperture, A is the central bus was attained by its symmetrical position
required acceptance andfl3#0 = 17 m is the amplitude func- relative to lateral buses.
tion at the septum azimuth. The septum is housed in the vacuum tank. The outward
Really we have X = 30 mm that satisfies both the injec- metal surfaces of the septum are welded to the vacuum
tion condition and good lifetime requirement of a 100 mA tank steel wall. To separate the vacuum volume from the
single-bunch mode at 2.5 GeV. At the injection we need a outside atmosphere a ceramic ring was installed between
lower aperture, therefore to reduce the kickers voltage we the inner and outer cylindrical surfaces of the septum elec-
will switch on two horizontal steering magnets combined trical input.
with quadrupoles F2. The steering magnets will shift equi- The septum inductance is 0.053 pt.. The half-sine current
librium orbit towards the septum at a distance of 7.5 mm. These in ductace ias0.5 pl f. The
The expression for X is independent of the injected beam pulse in the central bus has an amplitude of 180 kA. The
emittance (c, = 8.6x 10-cm-rad), because it is expected pulse duration is chosen to be equal to 100 ps. The corre-
to be considerably less than the storage ring acceptance sponding skin thickness in copper is 0.93 mm, that is less
(At = 3.0 x ly-cm th tad). than the 2 mm thickness of the copper part of the knife.

According to our estimation, in this case the magnetic field

penetrating through the metal in the stored beam direc-

III. SEPTUM MAGNET tion falls off to 2 5% of its maximum value.
To screen very reliably the storage ring aperture from the

The septum bends the 450 MeV electrons at an angle of remaining long-lived leakage field a 3 mm ARMCO tube
20* in horizontal plane and injects them into the storage was inserted into the vacuum chamber and joined with the
ring chamber at the azimuth of quadrupole focusing lens copper surface by means of diffusion welding. The low-
Fl. The main septum parameters are as follows: the field est magnetic screen thickness is equal to 0.4 mm at the
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knife, so the total knife thickness is 2.4 mm. The fring- U

ing field existing close to the opened septum exit is nearly
suppressed by the 20 mm long exit hole.
According to the measurements the reproducibility of the --1 vU/3
septum magnetic field from pulse to pulse is <2 x 10"'. 3 -C2
During the tests there was no any vacuum deterioration R5
because of the ceramic ring failure. Fig.5. shows the
measured longitudinal distribution of the septum magnetic
field. The measured effective length is equal to 252.6 mm Figure 7: The scheme of the bipolar nanosecond generator.

2 geneity corresponds to the apertures 2X = 12 mm and

S 2Z = 14 mm. It is quite sufficient for injection.
J The kickers are feeded by the bipolar high voltage nanosec-
0 1ond generators and operate in the travelling wave mode.
W- The scheme of the bipolar generator is shown in Fig.7. The

generator operates on the basis of the fast discharge of

20 30 Ci double forming lines which are connected to the kickers by

Figure 5: The measured longitudinal distribution of the nitrogen filled coaxial cables. The discharge is realized by

septum magnetic field a gaseous spark gap (the so-called 3-electrode discharger).
The discharge is initiated by a thyratron connected to the

instead of the calculated 261.8 mm. This difference is quite central electrodes of the dischargers. The discharge mo-instad o thement is tuned by varying the pressure of nitrogen inside
permissible. The sharply reduced fringing field is no more t elede volume. the pulse uratonisrequalitoido

than 0.1 % of the maximum value at a distance of 2 mm the electrode volume. The pulse duration is equal to dou-

from the septum exit. So the measured leakage magnetic bled propagation time of electromagnetic wave travelling

field integral in the storage ring aperture is much less than along the forming line.

the 200 Gs-cm tolerance. In the case of high amplitude nanosecond pulse, the dou-
ble forming line has the following advantages in compari-
son with the single forming line: it enables one to reduce

IV. NANOSECOND KIKERS AND twice the charging voltage and to simplify the scheme of
the generator, because this makes it possible to give up the

GENERATORS inverters for producing the pulses of opposite polarities.
The nanosecond generators were itanufactured and tested.

The requirements to be satisfied when designing the kicker

were the following:
- high voltage amplitude is no more than 60 kV, 0 5 1 15 20 25ns

- wave impedance 50 Ohm,
- the relative deviation of the electric field inside the aper- 20
ture is as low as 5%, 40o
- the gap equals 25 mm and the kicker length is 500 mm, kV
- each kicker plate has a longitudinal slit of 8 mm height Figure 8: The tipical kicker pulse oscillogram.
to avoid its heating by synchrotron radiation and to reach
the field symmetry.The kicker layout is shown in Fig.6. The 5% field homo- Fig.8 shows the typical oscillogram of the high voltagepulse at the kicker plate. The pulse parameters are: the

duration is equal to 20 ns with the edges as sharp as 5 ns
KICKER and voltage amplitude up to 50 kV. The rms time spread
L Pof the moments when the signal comes to the kicker plates

is about 1 ns.

X R I-N -REFERENCES

[1] V.V.Anashin et al., Nucl. Instr. and Meth. A282
(1989) 369-374

Figure 6: The calculated transverse field distribution of
the kicker.
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FIXED TARGET TO COLLIDER CHANGEOVER AT AO
Katharine J. Weber

lFcrmi National Accelerator Laboratory
P.O. Box 500, Batavia, Iii. 60510 USA

Abstract well as the surrounding equipment in the main ring
The AO sector of the Main Accelerator at Fermilab tunnel.

serves a dual function. During a collider run this sector is
used as an abort. The same area is used to divert beam to C. Support System
the switchyard during a fixed target run. The area is The stands for the kicker magnets were left with same
subject to high residual radiation, therefore making it degree of adjustment that they would normally have at any
important that personnel working to change the other location in the tunnel. The abort dumps use the
equipment do so with a minimal amount of radiation Tevatron stands. Minor changes, such as the addition of a
exposure. A system has been designed to reduce the time bracket to attach the stand to the transfer system were
a technician must spend in this area. made. This left both the device and the stand

interchangeable with other like types both around the ring
I. INTRODUCTION and in spare storage. (Figure 1)

The method of changing from fixed target physics to D. Transfer Mechanism
collider physics at Fermilab requires that equipment be The method used to transfer magnets in or out of the
moved in or out of the beam line. At the AO sector of the beam line is a system of plates. Plates are tied together
ring, the residual radiation is high, necessitating either a to form banks of like components. Each set of five
larger number of technicians required to do this work, or kickers comprises one bank, the abort dumps comprise
allowing the technicians to accumulate larger amounts of another bank. Stands mount directly to the plates. Once
radiation exposure. the magnets are mounted, each bank becomes an integral

The addition of ten kickers and two abort dumps in unit. This is a permanent arrangement, with a magnet
this area for collider physics meant that there would need change being the only exception. The plates have ball
to be some major changes made, even if equipment was transfers on the floor side. This makes maneuvering in
simply swapped out. Because of these major changes this all directions possible for rough alignment. Final
project became a good candidate for a new approach alignment is done in the usual way, using the adjusters on

A method for changing this equipment was devised to the stands. Steel plates are grouted and fastened to the
not only decrease the amount of radiation exposure, but to concrete floor for the ball transfers to ride on.
also reduce the number of technicians required to change During a collider run, the proton kickers occupy the
the equipment. This was the first attempt to design a same space the Lambertsons occupy during a fixed target
system with minimal radiation exposure as the primary run. Up to one inch of concrete had been chiseled out of
concern. the floor under the Lambertsons to allow for downward

The project was divided into two phases. The first adjustment of the magnet. This area was too rough to
phase included the collider devices and their associated allow placement of kicker stands on the floor. Since the
hardware. The second phase includes all the fixed target amount of concrete removed was not consisent over the
devices and their associated hardware. Phase two also entire length, this left the area too uneven to allow
includes some construction work. placement of steel plates. The depressions were filled

Phase one was completed in January 1992. Phase two with epoxy grout and leveled before the steel floor plates
design and fabrication work has been completed. The were installed.
construction work and final installation will take place The steel floor plates were installed in two segments,
during the summer of 1994. which allows the removal of one segment for phase two

and does not disturb the other segment.
II. PHASE ONE

E. Vacuum System

A. Kicker Magnets Each bank of components has a beam valve at each
There are two groups of five kickers magnets. The end. These valves are closed before moving equipment

purpose of these magnets is to steer the beam into one of out of the beam line. The kickers especially need to be

two abort dumps. The proton kickers are at protected from atmosphere as much as possible, since

approximately F49, the anti-proton kicker magnets are at they have ceramic beam tubes. Beam valves are installed

approximately A 1l. at the extreme upstream and downstream ends to protect
equipment not affected by this project.

B. Abort Dumps All cabling was done in such a manner that they do

There are two abort dumps, one for protons and one not need to be disconnected when the equipment is moved
for anti-protons. The abort dumps were fabricated from from one mode to the other.

the steel of a Tevatron dipole. The abort dumps are
shielded by two inches of steel on all four sides. This
minimizes the amount of radiation to the ground water, as
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Figure I
another bank. The three skew dipoles comprise the third
fixed target bank.

III. PHASE TWO
E. Installation

A. Skew Dipoles Placing the Lambertsons on the transfer plates raises

Three skew dipoles are installed for fixed target the center of these magnets. Complicating the matter was

physics. The skew dipoles take the proton beam out of the fact that some of these magnets were already sitting
the circular orbit and direct it to the switchyard. Skew below the floor level in the chiseled out area. A trenchdipoles are located at A 11. will be carved out of the concrete floor in order to be able

to install these magnets at the proper height for the beam

B. Lambertsons line as well as allow for some downward adjust. There

Starting at F49, there are three six inch symmetric was no downward adjustment previously. The trench will

Lambertsons followed by two AO downstream be approximately 6' wide by 100' long. The depth of the

Lambertsons. The purpose of the Lambertsons is to trench will vary from 1.25" to 3.5" depending on the

prepare the beam for extraction to switchyard. This distance from the present floor level to the beam line.

function causes them to become highly radioactive. It is Varying the depth of the concrete removal allows the

not uncommon for these magnet to be class 4 (>1OOMr minimum amount of concrete to be removed. Steel plates
n ucfm) will be grouted and fastened in the trench for the transfer

plates to ride on. The areas where there are no plates will

C. Support System be removed just deep enough to clear the equipment. A

New skew dipole stands were made to allow them to magnetic survey of the floor has been made to determine
be attached to transfer plates. The new stands are shorter the depth and location of the concrete rebar. This survey

than the previous stands to allow for the thickness of the indicates that, at most, one or two pieces of rebar will

transfer plates, but otherwise are identical to the old need to be cut or bent out of the way.

stands. (Figure 2) Since the concrete floor may be radioactive, in

The Lanmbertson stands were not changed in any way, preparation for the removal of the concrete, the area will

except to allow them to be mounted to transfer plates. be sealed off. Ventilating equipment will be used to keep
They retain the same degree of adjustment and any this enclosure dust free and provide a negative pressure.
Lambertson of a like type can replace those at An. (Figure All dust will be vented through hepa filters. In addition,

all personnel will wear the appropriate respirator while
1) working in this enclosure.

D. Transfer Mechanism One of the methods being considered to remove the

The same system of plates was used for the fixed concrete is a dry method. This method uses steel shot to

target devices ,as for the collider devices. Plate thickness' break up the concrete. The shot is recycled and the waste

were increased to carry the additional loads. In the sune is passed through two filters, making this operation
manner, transfer balls ,a mounted on the underside of the virtually dust free. One filter box collects gravel and
mlannerThenumb f transfer hs ae pd wother large particles, the other collects the fine particles
incresa.d for the increaroed tranding. band dust. The air that is exhausted passed through a hepa

The three six inch symmetric Launbertsou comprise lilter.
one bank, the two AO downstre~un Lunbertsons comprise The dry removal method also provides the option to

re-use the concrete removed. The coarse and lines can be
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combined with an additive during the removal process. Like the collider devices, each bank of equipment hasLater, water can be added and the mixture poured into a beam valve at each end. This valve is closed beforeforms to make concrete blocks. These blocks can later be moving the equipment. All cabling for ion pumps andused for shielding. electrical as well as water connections need not be
disconnect before moving equipment.F. Vacuum Svs'e~nz

V--BEAM LINE

ANTI-PROTON KICKER

TRANSFER 
PLATE

Figure 2
elevate the rolling surface for the transfer plates from theIV. CHANGEOVER Lambertson height to the kicker height.

The screw mechanisms are again used to move theA. Off Line Collider Devices three collider banks into the beam line. Because theWhen the accelerator is in the fixed target mode, the kicker magnets are stored against the outside wall, theykicker magnets and abort dumps must be removed from must be moved in two steps. First the bank is pulledthe beam line. The kicker magnets are stored along the towards the beam line, then the mechansim is mounted onoutside wall, in order to minimize any damage to the the other side of the transfer plate and the bank is pushedepoxy from radiation. The abort dumps are moved just the rest of the way into the beam line. Abort dumps,enough to the radial outside to allow the fixed target which are stored next to the beam line are simply pushedequipment to be installed, several feet into the beam line. Because of the length and
placement of the screw devices, while this transfer isB. Off Line Fixed Target Devices taking place, the technicians are not working in closeThe Lambertsons and skew dipoles are stored just to proximity with the radioactive devices.the radial inside of the beam line during a collider run. The kicker magnets and abort dumps are the connected
to the beam line, the beam valves are opened and theC. Switching From Fixed Target to Collider Physics electrical devices turned on.In order to change from fixed target physics to collider The switch from collider to fixed target physics isphysics, large screw mechanisms are used. One end of the achieved by reversing the steps described above.mechanism is attached to a bracket on the transfer plate,

while the other end is attached to a bracket mounted onthe floor near the inside wall. V. CONCLUSION
The beam valves are closed, the water is shut off andany necessary electrical shut off before moving any Using the methods described above, the changeoverdevices. No connections need to be broken except beam from fixed target to collider physics at Fermilab can betube. Spool pieces are also removed, accomplished safely and easily. The steps involved inOnce the screw mechanism is attached, two this switch keep the technicians as far from radioactivetechnicians are able to slowly turn the screws, moving the devices as possible. The entire process can bebank of devices towards the inside of the beam line. accomplished by two technicians in a fraction of the timeWhen the bank of devices is out of the beam line, pins are it would take using the traditional method. It has beenused to lock the plates to the floor. The screw estimated that the use of the screw mechanism and havingmechanism is removed and the next bank is moved. Once only beam pipe connections to break, the time theseall three fixed target banks are moved out of the way, the technicians will take to accomplish this changeover cancollider banks can be moved into place. be reduced by a factor of ten.

Filler plates are placed in the trench where the kicker
magnets will be located. The purpose of these plates is to
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Surface Resistivity Tailoring of Ceramic Accelerator Components*

S. Anders , A. Anders I and I. Brown
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720

Ion leave from Max-Planck-Institut fur Plasmaphysik, Bereich Berlin, Germany

Abstract Essential for this purpose is a very good adhesion of
the metal films. By implanting the metal ions deep into

Metal plasma deposition and metal ion implantation the material, the modification of the conductivity can be
techniques have been developed that could provide a good extended to a layer of several hundred angstroms. Here we
tool for the surface modification of insulating materials for outline the plasma and ion beam tools that we've developed
accelerator applications such as ceramics and that could and describe their applications for this function.
provide a method for tailoring the surface resistivity over a
range of many orders of magnitude. The methods make use
of the metal plasma that is produced by the cathodic arc [I. VACUUM ARC PLASMA
discharge: the plasma itself can be deposited onto the DEPOSITION
surface at an energy of order 100 eV so as to form an
adherent thin film, or an energetic metal ion beam can be A. The Vacuum Arc Plasma Sources
formed for deep implantation of the metal species below the
surface so as to incorporate a controllable amount of Plasma sources based on vacuum arc discharges have
metallic composition into the ceramic. been used for the production of the metal plasmas. The

plasma source consists of a rod cathode and a cylindrical
anode (Fig. 1); the arc discharge is triggered by a high

I. INTRODUCTION voltage spark. The arc current is typically 50-300 A, and
the arc duration and repetition rate can be varied in the

High voltage insulators for accelerator application range of 10 Vts - 10 ms and from single shot to 10 Hz.
need to be of very high resistance for good voltage hold-off respectively.
and the resistivity needs to be uniform so that the electric
field is uniformly distributed along the insulator length.
The insulator bulk material normally has a higher voltage
holdoff capability than a vacuum gap of the same size; the
weak point of the insulator is its surface and in particular
the triple junction (the interface of insulator, vacuum and
electrode). It has been found that surface coatings which are
more conductive than the bulk material are useful, and
surface treatments which penetrate into the outer layers of
the insulator are particularly resistant to surface damage
caused by surface flashover (for an excellent review see [ 1]).

In other applications, for example for beam
deflectors, it would be advantageous to be able to form a
conducting coating on an insulating component to define an
electric potential and also allow rapid penetration of a
magnetic field.

Metal plasma deposition and implantation techniques
provide a means to modify the surface and the first few
hundred angstroms of many materials, including ceramics * ,o
and other insulators. The surface conductivity can be
changed continuously from a value typical for ceramics to a
value typical for metals by depositing metal films of
various thickness.

*This work was supported by the U. S. Department of

Energy, Advanced Energy Projects, under DE-AC03-
76SF00098, by the Army Research Office under Proposal Figure 1: Plasma gun (dismantled) of the type used for the
No. 25833, and two of the authors (S. A. and A. A.) were deposition of metal on the inside of ceramics tubes. Left -
supported by the Deutsche Forschungsgemeinschaft. anode, right - cathode holder with cathode.
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Fully ionized metal plasma with mean ion charge B. Experiments and Results
states between 1 and 3 [2] for the different metals is
produced and streams away from the plasma source with a We have used our vacuum arc ion implantation
directed kinetic energy of the ions of typically 100 eV [3]. facility to implant Ti ions with an energy of 100 keV and
The plasma stream can be focused by an axial magnetic a dose of 1016 cm"2 into alumina ceramic pieces. The
field around the electrodes, providing a dense directed ceramic pieces had a cylindrical shape, a diameter of 40 mm
plasma stream with a density of order 1018 m- 3 . By and a height of 5 mm; they were polished to a micro-
adjusting the arc current, pulse length and the distance roughness of about 20 jpm. During the implantation, the
between plasma source and substrate, films of thickness samples were continuously rotated to ensure a uniform
between a monolayer and many micrometers can be implantation. After implantation the end faces were
produced. Due to the possible small dimensions of the covered with a 1 jpm thick gold film using the vacuum arc
plasma sources (we have developed a micro-version with a plasma sources described in section II in order to provide
length of 7 cm and a diameter of 2 cm [4]) the application contacts for subsequent resistance measurements and
is very flexible, e.g. the plasma sources can be moved breakdown tests. These tests showed that the relatively low
inside of tubes or around samples with complex shapes. dose implantation decreases the resistance of our
Vacuum arc plasma sources can also be scaled up to large samples to about 10 Gil, which is rather low for electric
facilities [5] with kiloamperes of arc current and very high field control purposes. Further experiments are planned
deposition rates, up to hundreds of micrometers per second. with lower implantation doses.

To compare the results of metal ion implantation
into ceramics with calculations, and to predict the

B. Experiments and Results implanted depth profile and retained doses, we have
measured the implanted depth profiles for an Ti

A number of experiments have been done to show implantation into A1203 with an ion energy of 100 keV
the relevance of this method. A gold film was deposited on and a dose of 6x1016 cm- 2 by Rutherford Backscattering
an alumina surface with a thickness of about 1 ;Lm and a Spectrometry (RBS). Fig. 2 shows the implantation depth
resistivity of 0.5 flsq. The adhesion of the film was tested profile calculated with the T-DYN 4.0 computer code [81 in
by the usual "scotch tape test" and found to be very good. comparison with the measured data.
This is a consequence of the high ion energy.

The insides of several alumina tubes of 4 cm
diameter were covered by titanium and gold films of various
thicknesses, showing surface resistivities of I - 10 f/sq 0.10 , ,-,., .,
depending on the film thickness and material. The adhesion .RBs
was also very good.oSe " i N

0T-DYN
These preliminary experiments show that the metal 0.08 . ....... . .... . ..... ............... . ------

vapor arc deposition technique is well suited to form \
adhesive films of various metals of the desired thickness
and conductivity on ceramic materials. -- 0.06

III. METAL ION IMPLANTATION : A . .
2 004 .i .. ..

A. The Vacuum Arc Ion Source 4

0 .0 2 ........ .... ...
The ions of a vacuum arc plasma can be extracted

and accelerated to form an ion beam of high energy. In the
multicathode, broad beam ion source version that we have 0 - .

developed [6], a three grid accel-decel system is used to 100 300 500 700 900 1100 1300
accelerate ions to energies up to 300 keV. Any conducting, dpth A)
solid material (metals, alloys, highly doped
semiconductors, carbon) can be used as vacuum arc cathode
material, and an ion beam of up to several amperes during
the arc pulse and up to several tens of mA time-averaged is
produced. The substrates can be mounted on a fixed or Fig. 2: Implantation depth profile for a Ti implantation
rotating water-cooled sample holder. The beam diameter into A1203 with an ion energy of 100 keV and a dose of
(FWHM) can be as large as 33 cm [7] thus allowing metal 6x101 6 cm- 2 . Comparison between experiment (RBS
ion implantation on an almost industrial scale. profile) and calculation using the T-DYN 4.0 code [8].
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The maximum fraction of Ti was 9 % at a depth of VI. REFERENCES
about 500 A: the substrate was modified by the
implantation up to a depth of almost 1500 A. The [1] H. C. Miller, "Flashover of insulators in vacuum:
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1992, p. 165.
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It has been shown that vacuum arc deposition (1991).
techniques provide a useful means for the formation of [3] J. Kutzner and H. C. Miller, "Ion flux from the
well-bonded conducting metal films to ceramics. The cathode region of a vacuum arc," IEEE Trans. Plasma
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Compensation of Field Shaking due to the Magnet Vibration

Yao, Cheng and Ching-Shiang Hwang
Synchrotron Radiation Research Center

No. I R&D Road VI, Hsinchu Science-based Industrial Park, Hsinchu 30077, Taiwan R.O.C.

Abstract
Recently, The global feedback scene of the beam The transfer function of the accelerator is discussed in

stabilization is broadly discussed for the third generation light another paper of the main author [2]. We will not go into
source. Since the low frequency disturbance of the orbit is details in this paper. Roughly speaking, the transfer function
mainly coming from the quadrupole magnet vibration of a contains a pair of conjugate poles caused by the damping
certain dominate mode, a feedforward sense is developed to effect and the betatron oscillation. The beam position
cancel the filed shaking without the BPM feedback. We monitor, like a radio receiver, contains a pole, which is
applied the seismic accelerometer to detect the magnet interested by us. In a digital system, this pole is very
vibration and drove the compensation current into the trim important, since it can avoid the aliasing error. The
coil of the quadrupole. Better than 99% canceling of the correction signal coming out from the controller is used to
filed shaking due to 10gim magnet vibration was observed in control the steering field which is affected by the bandwidth
the laboratory. This method is superior to the feedback of the power supply, correction magnet, and vacuum
system in many aspects, such as locality, simplicity and chamber. The poles of these components are listed in
economy. following two groups.

I. Introduction A.. High Frequency Poles

1. Accelerator - 300 KHz

The global feedback system for the transverse beam 2. Beam Position Monitor - I KHz.
positioning has become a standard subsystem of the third
generation synchrotron light source [1]. In this paper, the B. Low Frequency Poles
general idea of the feedback system will be described first. I. Vacuum Chamber (4 mm-thick Aluminum)
Then, a primitive model is used to estimate the performance vertical - 40 Hz
of this feedback system in the SRRC case. The result shows horizontal - 15 Hz
that there are limitations for this feedback s'stem. 2. Correction Magnet + Power Supply - 200 Hz

A low cost feedforward method is proposed to suppress
the effect from the vibration source. Hence. the beam jitters Except the bandwidth of the accelerator, the numbers given
can be reduced and the accuracy of the beam orbit estimation above have been measured in the laboratory [3].
can be enhanced.

M. Limitation of the Open loop Gain
11. General Description of a Beam Feedback
System To avoid instability and increase the open loop gain in

the control system, one pole in the low frequency range has to
Figure I is a general block diagram of the linear beam be compensated. It doesn't make sense to remove poles at

feedback system. high frequency range. Hence, the closed loop unity-gain
bandwaidth is limited to 200 Hz - 500 Hz.

Assumed that the magnet field shaking is mainly caused
Sby the quadrupole vibration. Our measurement on the

"I .. quadrupole vibration shows that there is a main peak at 20
Hz. With a slop of 20 dB/decade of the open loop gain, there
is a 20 dB drop from 20 Hz to 200 Hz. Thus for the unity

_.gain at 200 Hz, the gain at 20 Hz is only ten. It will take too
much cffort to increase this gain at 20 Hz but with only a
poor factor.

IV. Resolution of Beam Observation

Figure 1. Linear model ofbeam ecdbck s% smLet's say, the resolution of each beam position monitor is
10 4nm at 20 Hz. The closed orbit correction in the least
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square sense can increase the resolution by a factor of rn-.
The "n" is the number of the position monitor. Thus, a factor B(x.y)-G[(X+x 0 cos(wvt)J)+(y+y 0cos(wyt)i)] -(3)
of seven can be achieved for total 48 BPMs (Beam Position
Monitor) in the SRRC storage ring. However, if the Where w ,wy are thevibration frequency and x,,yo are the
quadrupole vibration disturbs the observation, this factor %vill vibration amplitude on the transverse plane of the quadrupole
go down. magnet. Hence Eq. 3 can be changed to

V. Reduction of the Field Shaking =G[(x0 cos(wxt)3)+(y0 cos(w t))]+[G(xj+y

In order to get a more stable beam, the effect from the
excitation source should be suppressed. If the magnet field is (4)
trimmed against the vibration, it is possible to have a large This extra dipole field Gfxo cos(w0t)3+y 0 cos(wt)il will
magnet vibration but a stable field. Usually the vibration of I Y

the quadrupole is much less than 10 p.m. The bore radius of induce a kick angle for the electron beam. In order to
the ring quadrupole in SRRC is 38 mm. The current in the compensate this dipole field, the dipole trim current on the
trim coil with the same winding number of the main coil is quadrupole magnet can be used to produce another dipole
less than one part in four thousand. With the maximum field whose frequency is the same as the vibration frequency.
main-coil current of 250 A , the current in the trim coil will The strength of the field induced by the trim current is
be less than 60 mA ( the power supply ripple current is about shown below
5 mA). Thus, the power needed to drive trim coil is less than
one millionth of the power in main coil.

A modern piezo type vibration sensor provides a B =[-B, cos(w.t)j - B. cos(wyt)'i] -(5)
resolution of 0.01 rm at 20 Hz. It is possible to get a higher
resolution, if a higher frequency carrier, such as 10 K HI, i d B7 , a model similar to the
used to reduce low frequency noise. Beam Position Monitor model is used. In this model, there

The other important character is the vibration mode of the are two kinds of dipole trim current to create By and B.
magnet. From the three points support, there is no fields. The location of the trim coil and the poles on the
degeneration of vibration at resonant frequency. It means quadrupole magnet is shown in Figure 2. In this figure, the
only one sensor located on the magnet is able to detect the A, B, C, and D, are the four poles, and the trim current
three dimensional motion of the resonant vibration. combination for each pole is

The field strength of the quadrupole is depend on the main
current, which may be changed from time to time for the
third generation synchrotron light source. Hence, an adaptive
current amplifier with self calibration is considered to A =1, +IY
optimize the gain. B = I1 -Iy

--(6)

VL Dipole Field Compensation Model for C=-IX-IY

Quadrupole Magnet Vibration D = -I, +1Y
Y

For an ideal quadrupole magnet. the higher multi-pole
field is very weak, so the scalar potential can be expressed as B =l - IY A=Ix+I Y

*(x,y)= G.x.y -0()
Where G is the gradient field strength. Therefore, the B
transverse midplane. the magnetic flux density, by definition X

S = -'•b~~y).can be reduced as Eq. 2

B(xy) = G(x+y i) ----(2) C -- + I

If the vibration happcns on thc transvcrse planc of Chc

quadrupolc magnet, thcre will bc an extra dipolc field exists
on the quadrupole magnet. Thus. the flux equation becomes

Figure 2. Arrangement of the trim coils and the magnetic
poles on the quadrupole.
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comparing with a feedback system. On the other hand , the
control system is very compact. The sensor is mounted

Combing these pole current equations, the horizontal and directly on quadrupole. It turns out this system is a very cost
vertical current can be expressed as below effective solution for the field shaking due to magnet

vibration.

I .=(A +B -C -D) 4--- 2 9004 1. O NR

-- =(A+D-(7) 7.o

Hence, the relationship between the filed strength (BY,B) ..... .

and th current (I , I.) can be expressed as T..... /! . . , ... . '__ _ _ _ _

By = f(lyI.)-By, +

B.(8 = g(Y . .

Where f, g are functions of trim current (xyI.), and can be

calibrated by the magnetic field transfer function. The Figure 3. Field shaking killed by the onset of trim

BO and Bxo are the magnetic field center offset which are correction.

obtained from the magnetic field measurement.
Similar to the BPM using four electrode to detect beam IX References

position, this model uses four poles (A,B,C,D) to create
dipole filed. From this model and Eqs. 4 and 5, the required
field strength to cancel the dipole field caused by the [I] ELECTRA Conceptual Design Report,
vibration can be derived by using following equations. (SINCRO1'RONE TRIESTE, April 1989),

SPring-S Project Part 1: Facility Design,
By=-G-x, and B. = -G-yo -- (9) (JAERI-RIKEN SPring-8 Project Team 1990),

The trim current (1y,.) can then be obtained through the Pohang Light Source Design Report,
Y(Pohang Accelerator Laboratory, January 1991).

transfer functions f and g in Eq. 8. Thus from the well
known gradient field G and the vibration amplitude [21 Yao Cheng, "Dynamic Closed orbit Correction",

xO andy 0 , the required trim current can be obtained. By this conference.

feeding this trim current into the trim coil, the dipo:- field
induced from the vibration can be cancelled. [31 SRRC Status Report, (SRRC, April 1993).

VII. Experiment Result

In the laboratory of SRRC, a stepping motor was used to
generate a 4 Hz vibration with a level of 10 gtm. A hall probe
is fixed on the center of the quadrupole and the vibration
sensor is mounted directly on the quadrupole. The vibration
signal is fed into the trim coil with a dipolc winding. Figure
3. is the result of this expcriment. It shows the trim current
brings the ficld shaking down to 0. 1 prm. whcn the feed-
forward is turned on.

VIII. Conclusion

Thc field stabilization circuit is ablc to reduce bcam jitters
to ultra high quality. It also avoid the impact of ground
vibration on the stored beam. Sincc the low power and low
frequency electronics arc applied, the cost is rather low
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Superconducting Cavity Tuner Performance at CEBAF*

J. Marshall, J. Preble, and W. Schneider
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

Abstract deforming the cells. The cavities are chemically processed,
At the Continuous Electron Beam Accelerator Facility assembled into pairs and tested in a vertical dewar at 2.0 K.

(CEBAF), a 4 GeV multipass CW electron beam is to be After verification of the cavity performance, the pairs are built
accelerated by 338 SRF, 5-cell niobium cavities operating at a up into a cryomodule. The module is then delivered to the
resonant frequency of 1497 MHz. Eight cavities arranged as tunnel to await cooldown and subsequent commissioning to
four pairs comprise a cryomodule, a cryogenically isolated verify the cavity specifications as well as operational criteria
linac subdivision. The frequency is controlled by a such as cryostat static and dynamic heat loads, helium
mechanical tuner attached to the first and fifth cell of the pressure sensitivity and cavity tuner performance.
cavity which elastically deforms the cavity and thereby alters
its resonant frequency. The tuner is driven by a stepper motor II. ELASTIC CAVITY TUNING
mounted external to the cryomodule that transfers torque
through two rotary feedthroughs. A linear variable differential As previously indicated, each cavity is inelastically tuned
transducer (LVDT) mounted on the tuner monitors the to -1494.7 MHz so that, after cooldown, will shift to the
displacement, and two limit switches interlock the movement operating frequency of 1497 MHz, t 100 kHz. This frequency
beyond a 400 kHz bandwidth. Since the cavity has a loaded Q is maintained by elastically tuning the cavity by compressing

of 6.6- 106, the control system must maintain the frequency it with the mechanical tuner (see figure 1). The tuner is
of the cavity to within +50 Hz of the drive frequency for attached to the first cell with a fixed cell holder, and to the
efficient coupling. This requirement is somewhat difficult to fifth with a swivel cell holder. A rigid titanium rod connects
achieve since the difference in thermal contractions of the the two holders at one end and a drive shaft assembly
cavity and the tuner creates a frequency hysteresis of connects the two at the other end. Tuning is accomplished by
approximately 10 kHz. The cavity is also subject to frequency translating rotational motion of the worm/wheel gear assembly
shifts due to pressure fluctuations of the helium bath as well as into axial movement of the swivel cell holder.
radiation pressure. This requires that each cavity be The tuning range of the cavity is specified to be ± 200
characterized in terms of frequency change as a function of kHz from the initial frequency after cooldown, which
applied motor steps to allow proper tuning operations. This corresponds to an operating range of ±0.125 in. This travel is
paper describes the electrical and mechanical performance of bounded by limit switches located at ±0.125 in. and by solid
the cavity tuner during the commissioning and operation of stops limiting movement to ±+0.187 in., the latter to obviate
the cryomodules manufactured to date. travel into the inelastic region and over stressing the

interconnecting bellows. During operations, the feedback
I. INTRODUCTION control system measures the phase difference between the

forward and transmitted power, calculates the tuning angle,
CEBAFs accelerating structure is a 5-cell niobium cavity and drives the tuner stepper motor. A resonant phase shift of

of the Cornell type manufactured by Siemens. The operating 20 corresponds to a frequency shift of 41 Hz.
specifications are as follows:

E acc >S5MV/m 4=tn12L
Q0 > 2.4.109 f drsveJ
Frequency 1.497 GHz where Af = fdrive - f resonance

Q ext, fpc 6.6.106 (fundamental power
coupler)

Q ext, fp 1.3- 1011 (field probe) A change in tuning angle will result from fluctuations in

the cryomodule helium bath pressure where ±1 Torr results in
Prior to cavity-pair assembly, inelastic tuning is performed on a cavity frequency shift of 100 Hz. At the design accelerating
the cells of the cavity to ensure a flat field profile to within gradient of 5 MV/m, the frequency shifts - 75 Hz due to
±2.5% cell to cell [1]. The tuning corrections required for radiation pressure.
each cell are determined by bead-pull and are made by axially

* This work was supported by DOE contract DE-AC05-84ER40150
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During cryomodule commissioning, each cavity is IV. TUNER PERFORMANCE
characterized in terms of its sensitivity to each of these
conditions as well as the relationship to the tuner assembly The performance of the production-type cavity tuner is
attached to it. measured by phase-locking a self-excited loop oscillator to the

cavity, tuning it to 1497 MHz and looping through a ±50 kHz
span. Figure 2 is a typical hysteresis loop of the early

OW• oASOrTA Drive Shaft 3 production tuner.

eC 1497060000 - -

Hokier e1497040000-
q 1497020000-
u 1497000000 -

e 1496980000
n 1496960000

\II F C 1496940000

Y -20 -15 -10 -5 0 5 10 15 20

Hider :RMotor Revolutions

Tft-" Rod --- Figure 2. Typical hysteresis loop of CEBAF's early
production tuner.

Figure 1. A cavity-tuner assembly depicting three sources of This curve depicts problems resulting from design flaws
error (see text for explanation of each). of three types (see Figure 1): 1) The backlash of stepper-

motor-to-tuner gear slop. 2) The cell/cell holder mismatch due
IlI. TUNER PROBLEMS AND to inadequate allowances for thermal contractions. 3) The

SOLUTIONS "deadband" caused by the failure to ensure that the cavity and
tuner were adequately pre-stressed. The primary concern was

Ten tuners were delivered in early May 1990 to maintain the amount of hysteresis at resonance (mostly resulting from
a production schedule to supply 2 1/4 cryomodules for the the cell/cell holder gap) of ±10 kHz related to about 10 motor
injector section of the accelerator and the subsequent Front revolutions. As stated previously, the control system is
End Test. These tuners provided the initial evaluation of the required to maintain the frequency to within ± 50 Hz of
design in an operational environment. The first and most resonance and operates the tuner only when it falls outside this
serious problem was that some tuners would seize after window to prevent excessive tuning. On the average, cavities
cooldown. The problem was corrected by modifying a press- were in need of adjustment about twice a day(21, indicating a
fit thrust bearing on the fixed cell holder to a slip-fit to worst-case motor operation of 20 revolutions. If the
mitigate binding due to thermal contractions. To allow operational lifetime of the rotary feedthroughs meets the
operation of these tuners, a local stepper motor controller was specified 50,000 revolutions(31, one might expect to repair a
connected that would "exercise" the assembly through the feedthrough every 7 years. This is less than the 10-year
transitional temperatures. This method proved to be cryomodule removal/maintenance period. Obviously, the
successful, but after two or three cooldowns it invariably cell/cell holder fit was a critical issue to resolve.
fatigued the rotary feedthroughs causing catastrophic vacuum Since the cavity and tuner assembly are subject to thermal
degradation, so it was quickly abandoned. A second concern contraction and the expansion coefficient of the aluminum cell
was that the position of the limit switch, referenced to the holder is - 3 times that of the niobium cell, an unrealizable
cavity's axial movement of ±0.050 in., corresponded to less zero clearance leaves an inherent gap. Therefore, a region of
than half of the expected tuning range of ± 200 kHz. This was hysteresis will always exist. For this reason the cell holders
corrected by increasing the distance between the switch to are manufactured as two half-cells matching the contours of
more than twice that value, or ±0. 125 in. The hard stops were the production cavity cells resulting in a very repeatable fit.
also increased ± 62 mils beyond the control switch after it was In addition, a final shim adjustment is made during assembly.
verified that the new cold tuning range was still in the elastic On average, only 10 mils or so has been the amount of shim
region. The third concern was that the frequency after required. The need for clearances in bearing and sub-
cooldown did not shift to the expected 1497 MHz, ± 100 kHz. assemblies has made it difficult to eliminate the "deadband"
In fact, results indicated that most were as much as 200 kHz region, but if it is far enough away from the nominal required
lower than resonance which caused the LVDT to be out of tuning range, it poses no problem. This was considered when
range and useless. This problem was corrected by adjusting the inelastic tuning frequency was increased by 100 kHz.
the warm frequency position from 1494.6 MHz to 1494.7
MHz. Recent performance data indicates that these were all
successful design modifications.
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Figure 3 is a ±50 kHz hysteresis loop of a cavity-tuner VI. REFERENCES
assembly tested in the fall of 1992. The location of the
deadband is approximately 30 kHz lower than resonance, [11 J. Mammosser, et al., Analysis of Mechanical
which is the frequency after cooldown, and is largely Fabrication Experience with CEBAFs Production SRF
narrowed. This is typical of the tuners presently installed after Cavities, Proceedings of the 1993 Particle Accelerator
the aforementioned design and assembly modifications were Conference, Washington DC.
incorporated. [2] C. Hovater et al., CEBAF Technical Note, TN#92-013,

Figure 4 depicts a ± 5 kHz hysteresis loop performed on February 1992.
the same tuner. Notice that the hysteresis region has been [3] A. Guerra, Jr., CEBAF internal document
reduced to ± I kHz, corresponding to about a half of a motor "Specification for Cryogenic Rotary Feedthroughs,"
revolution. This indicates a daily use of about one revolution 7/31/90.
which would increase the mean time between repairs to more
than the 10-year cryomodule maintenance schedule.

F 476n00
F 1497060000

e 1497020000 - -

q --

u 1497000000
e 1496980000
n
c 1496960000
Y 1496940000

-20 -15 -10 -5 0 5 10 15 20

Motor revolutions

Figure 3. ±50 kHz hysteresis loop of a cavity-tuner
assembly tested in the fall of 1992.

1197006e000
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e 11970000 
0

u 1,96995000 -

C I196 90"0-4000 4 0 - -
7 14969902000

1496990000 - - - - - - - -
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Figure 4. ±5 kHz hysteresis loop performed on the same

tuner as in Figure 3.

V. CONCLUSION

The mechanical tuner used at CEBAF to maintain the
resonant frequency of the SRF cavity has undergone a variety
of design changes and assembly procedural modifications.
These are the result of an ongoing initiative to improve the
control capability as well as the lifetime expectations of this
critical accelerator component
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Test Results and Design Considerations for a 500 MHz,
500 kWatt Vacuum Window for CESR-B*

D. METZGER, P. BARNES, A. HELSER, J. KIRCHGESSNER, H. PADAMSEE

Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 USA

It was reduced in height by means of an aluminum taper to 5.5
SUMMARY in. by 18 in. Three beryllium oxide disks were brazed into a

water cooled copper frame which was welded on the end of a

A previous paper [I] described the design of a vacuum copper plated stainless steel waveguide 5.5 in. by 18 in. The
windowprevioused par use din bed1800 thedesign Ts wk vberyllium oxide was chosen for its high thermal conductivity.

window proposed for use in WR-1800 waveguide. This work A matching post was placed approximately 18 in. from the
details the results of a high power test of the completed disks in the waveguide on both sides of the disks.
prototype window. The window passed all design goals when
operated into a short-circuited load. For the case of a matched
load, the travelling wave power reached a maximum of 260 1010493-006
kWatts CW with vacuum bursts as a limiting factor. In Matching Posts
addition to the results from the high power tests, some results
from low power tests using a network analyzer are given.
Some general conclusions are drawn concerning the design of
vacuum windows in rectangular waveguide.

INTRODUCTION

The Laboratory of Nuclear Studies is proposing an upgrade
to the existing CESR electron positron storage ring to make
possible the study of CP violation of B meson decays. This
"B-Factory", because of the required luminosity and the Reduced Height

resultant high beam current, will require very high RF power Vacuum Waveguide (Coated) WR1800
levels to replace the synchrotron radiation and the higher order
mode energy losses of the beam. The proposed design requires Fig. 1 500 kWatt, WR- 1800 waveguide window
vacuum wipdows in WR-1800 waveguide which can handle for use at 500 MHz
500 kWatts at 500 MHz.

There are two different operating scenarios for the window. II. LOW POWER TESTS
The first is the case of total reflection from the cavity. During
beam injection or after the beam has been lost, nearly all the Each of the windows was measured using a vector network
power incident on the cavity will be reflected due to the low analyzer. The analyzer was calibrated in WR-1800 waveguide
wall losses of the superconducting cavity (approx. 100 Watts). using the Thru-Reflect-Line method. A waveguide section two
This scenario may exist up to a maximum of 125 kWatts wavelengths long tapering from the reduced 5.5 in. height to
incident (and reflected). Thus the window must be designed to the full 9 in. height was added to the window. The window
operate in a standing wave resulting from an incident and and added taper were then measured together. The resulting
reflected wave of 125 kWatts. This standing wave may shift VSWR is shown in Fig. 2. The system responds like a three
in position according to the phase characteristics of the load. element filter (post, windows, post). Fig. 3 shows the voltage
The second scenario is the case of no reflection from the transmission coefficient of the system.
cavity. This corresponds to maximal delivery of power to the
beam. For this case there is almost no reflected power from
the cavity. To survive in this scenario the window must be III. HIGH POWER TESTS
designed to operate in a travelling wave of 500 kWatts.

Two identical prototype windows were constructed. Fig. 1 A full power test was performed on the proposed window
shows the basic design of each. The waveguide from the design. The test setup used two windows back-to-back with a
klystron is standard WR-1800 (9 in. by 18 in.). vacuum region between as shown in Fig. 4. The input

VSWR of this configuration is shown in Fig. 5.
*Supported by the National Science Foundation, with

supplementary support under the U. S. -Japan Agreement.
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Fig. 2 Input VSWR of the waveguide window. Fig. 5 Input VSWR of the test setup in Fig. 4.

The output side was first terminated with a high power
1010493-008 matched load. A maximum CW power of 260 kWatts was

0 achieved at a vacuum level of 1.5x10"8 Torr. The walls of the
vacuum section between the post and the window frame rose to

-0.5 about 60 *C at this power level. Increasing RF power resulted
in degraded vacuum due to the heating of the waveguide walls.

-1 The temperature of the beryllium oxide windows rose less than
5 'C at the full 260 kWatts power level.

A second set of tests was performed with varying distances
-1. between the windows and a short circuit as a load. Because

nearly all of the incident power was reflected back to the
-2- klystron, the ultimate power was limited by the circulator

protecting the klystron. In all cases a power of 100 kWatts
-2.5 CW was achieved. For some positions of the short the

circulator allowed testing up to 125 kWatts.
-3 Further high power tests will be carried out after

485 490 495 500 505 510 515 completion of the beam test of the superconducting cavity.
Frequency (MHz)

Fig. 3 Voltage transmission coefficient of the IV. GENERAL D IGN CONSIDERATIONS
waveguide window. Several conclusions can be drawn from our experience with

this design for a window in large rectangular waveguide.
1010493-009 First, because the frame holding the beryllium oxide

Evacuated Region windows was such a poor match to the waveguide, the posts
were necessary in order to achieve a good overall VSWR.

Matchin " However, this matching causes the storing of energy in
0 0 standing waves between the windows and the matching posts.

Vacuum If the walls of the waveguide were perfectly conducting, this
S0 Pumpout standing wave would not pose a problem. However, because

I Port the walls are not perfect conductors (copper plated stainless
L 1steel) the standing wave from the matching elements deposits a

Window Window non-insignificant amount of heat into the walls. There is no
Assembly Assembly substitute for a window geometry which is inherently well-

matched to the waveguide. The use of matching elements
Fig. 4 High power test setup increases the storage of energy and thus heating. A possible

1400



candidate for a window geometry is a single round disc of Wall Height Pdiss / Pflow
beryllium oxide or aluminum oxide about 10 in. in diameter. Material (inches)
Scale models have been fabricated which show excellent Stainless teel 5.5 0.21%
VSWR characteristics. Stainless Steel 9 0.15%

If it is necessary to have matching elements then it is best, Copper 5.5 0.030%
from a wall heating standpoint, to maintain the largest Copper 9 0.021%
waveguide size possible. This is illustrated by the data given

in Table 1. This table shows the power dissipated in the
finitely conducting walls of standard height (9 in.) and reduced V. CONCLUSIONS
height (5.5 in.) WR-1800 waveguide as a percent of the power
flowing in a TEl 0 mode at 500 MHz. (One wavelength of
waveguide was used to calculate the power dissipated.) Note A window has been designed and fabricated which is closethat using reduced height waveguide results in about 1.5 times to meeting the design goals of the B-Factory requirements.

Both high and low power tests of the window have beenas much power dissipation. The reduction in height reduces performed. Several areas have been identified which should aid
the cross-sectional area of the guide which carries the power in achieving an acceptable window in the next design sequence.
more quickly than it reduces the perimeter of the cross-section
which determines the power dissipation. This results in VI. REFERENCES
increased wall losses for the same amount of power flowing in
the guide. [1] J. Kirchgessner, et al., "Prototype 500 MHz Planar RF

Input Window for a B-Factory Accelerating Cavity,"
Table 1 Percent of the power flowing in a WR-1800 Conference Record of the 1991 Particle Accelerator
waveguide at 500 MHz which is dissipated in the walls for Conference, Vol. 2, pp. 678-680
different heights and wall materials.
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An Experimental and Analytical Study of a Buoyancy Driven
Cooling System for a Particle Accelerator*

B. Campbell and R. Ranganathan
Superconducting Super Collider Laboratory

2550 Beckleymeade Avenue. Dallas, TX 75237 USA

Abstract The cooling system involved the use of a coolant storage
A buoyancy driven closed-loop cooling system that tank. The bottom of the tank and the tuner as well as their tops

transports the heat generated in a particle accelerator to the were assumed to be connected by tubes. Due to heat generation,
ambient has been evaluated both through experiments the coolant in the tuner will rise and exit through the tubes at the
performed earlier [11 and analysis techniques developed top and flow to the tank. To conserve mass, coolant from the
elsewhere [2, 3]. Excellent comparisons between measure- bottom of the tank will flow to the tuner, creating a closed-loop
ments and calculations have been obtained. The model flow of the coolant. Since the flow will occur automatically in
illustrates the feasibility (from a heat transfer viewpoint) of response to the magnitude of the heat input rate, the system is
such a cooling system for a particle accelerator. self-controlling. The general features of such a cooling system

should be the same for any particle accelerator. Only the
I. INTRODUCTION parameter values may be different.

The primary purpose of this study was to establish the II. EXPERIMENTS
feasibility of cooling a typical particle accelerator by a purely
natural convection, closed-loop, cooling system without the The experiments consisted of submerging heated plates
need for pumps, blowers etc. However, the use of fins and (that simulate the ferrites) vertically in a tank of water, and
blowers were also evaluated as a secondary objective, measuring the transient water and plate temperatures (Figures 2

Consideration was given to a low energy booster (LEB), and 3) [I]. Heat was generated in the plates by embedded
radio-frequency (RF) cavity, tuner concept at the Super- resistive heaters (to simulate tuner operation). The plate
conducting Super Collider (SSC) (Figure 1). During operation temperature vs time at different locations are given in Figure 4.
the heat generated in the tuner has to be removed in order to
maintain the ferrites at a safe temperature. While studies of RACK PLATE

forced flow [4] and solid conduction [5] cooled tuners are END\ WASHERSE

available, a study of a natural convection cooled tuner has not
been reported.

S• DOWEL

SSPACER

COOLANT SPACES /

FERRITES

Figure 2. Experimental apparatus (front view).

Figure 1. SSC, LEB, RF-cavity concept.

*Operated by the Universities Research Association, Inc., for the U.S. Figure 3. Experimental apparatus (side view).
Department of Energy under Contract No. DE-AC35-89ER40486.
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Plate Temperatures1 2 3 4 V. RESULTS

A. Baseline Designs

750 /Two baseline configurations were considered, one for a
0) 40 C copper plated tuner housing and the other without copper
M .plating. Though different coolants were considered, only
0) 4. M W results for water are given here. The parameters for a tuner with
CL .
E 20 -- a copper plated housing were: datum = tuner bottom, tank

:. 2.4 kWvolume = 0.5 m 3
, tank height = 0.5 m, elevation of tank bottom10, :

1.2 MW= 0 in, heat transfer coefficient on the tank surface = I W/m2?oC,
... ... . .. tube inside diameter = 50 mm, number of tubes at the bottom

Tim 20t 40 0 W 100(top) = 3 (3), initial temperature = 20'C, maximum tunerTime (minute) operation time = 3 hours, housing heat load = 2.5 kW.
Figure 4. Plate temperatures. For a tuner housing without copper plating, the baseline

parameters were the same (as the above baseline) with the

III. ANALYSIS following exceptions: tank volume = 2.5 in 3 , tank height = 1 in.
the number of tubes at the bottom (top) = 12 (12) and housing

The heat transfer and flow were assumed to be transient heat load = 25 kW. For this case a coolant jacket was assumed to
and one dimensional with temperature dependent properties. be used due to the high heat load on the housing.
The Boussinesq approximation was invoked. Conduction in the Figure 6 shows the temperature distribution in the tank,
water was neglected [2, 3]. The momentum balance giving the tuner water and ferrites at hourly intervals, for the baseline case
coolant velocity between the ferrites was derived as: with no copper plating. After three hours of operation of the

fe = Gr / Re2  tuner, the peak ferrite temperature of 77°C is less than

where fe is an equivalent coefficient of friction; the length scale the boiling point of water and the curie temperature of ferrite

is the ferrite spacing; Gr is the time-dependent Grashoff number (200°C). The thermal stratification in the tank is due to the poor

based on the tuner and tank temperatures; and Re is the (zero) conductivity of water and this has been observed in other

time-dependent Reynolds number. The above expression is experiments [2, 3].

coupled to the governing conservation equations of mass and
0.5- -. .

energy and the set of partial differential equations was i Tuner /4

integrated in a lagrangian fashion using the predictor-corrector .... Ferit /
technique [2]. -E o.4 /,__ Tan

='• | - - - Tank, / i
IV. VALIDATION-00.351- / /

T~o 003-.

Figure 5 shows the comparison between measurements o025-- . -- /
and analysis of the water temperature with time. The corres- o , / /

ponding water flow rate (between the plates) indicates a spike 0.2" / /

each time the heat load is increased (according to the schedule .0.15! ,' ,/ /

shown in Figure 4). The model is "non-empirical," in the sense 0o'r/
that there are no constants in the input to "adjust" the results. In o.05o-- 7;•- -

this context, the close comparisons obtained are noteworthy. 0'
%_0  30- 40 50 60 70 80Note also that the present model has given good comparisons Temperature (C)with measurements in an earlier application [2]. Figure 6. Water cooled tuner: housing = 25 kW.

1 2 3 4 B. Senstivity Studies
70 0.14

60 .. .. .2 The sensitivity of the baseline designs to the height, the

i c- 1.1 elevation and the volume of the tank, the heat transfer rate from
9- the tank, the number and diameter of the tubes are shown in

4 v.. . ...... oo. r Figures 7 through 9 (after 3 hrs of operation). The baseline cases
1-- are denoted by the letters B. The spikes in the curves are caused
• :! - "by the thermal stratification in the tank, which results in

10 io.04 a sudden elevation of the tuner temperatures at intervals. Heat
10 CALCULATIONS 0.02 transfer coefficients (in W/m 2 °C) on the tank varying from

C 100 1-10 (free convection of air), 100 (blowing of air), 1000 (finned
0; 20 40 60 8'0 10 1ý0o 1ýo -1 tank with free convection), and 10000 (finned tank with

Time (min) blowing air) were considered. An optimum cooling system can
Figure 5. Comparison of measurements and calculations, be chosen based on these results.
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VI. SUMMARY

A closed-loop, buoyancy driven, cooling system for a
0.9- particle accelerator has been experimentally and analytically
0S , ,evaluated. Sensitivity studies indicate the feasibility of such a

E0. . - cooling system for an SSC, LEB, RF cavity tuner concept from
E - a heat transfer viewpoint. The present model can be used to

"Height thermally optimize such cooling systems for particle
°- accelerators.

=00.4-
Elevationi - - Housing Without Cu Ptating
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Collider Bypass Diode Thermal Simulations and Measurements for the SSCL*
Cyrous Rostamzadeh and Gerry Tool

Superconducting Super Collider Laboratory
2550 Beckleymeade Avenue, Dallas, TX 75237-3997 USA

Abstract
Warm bypass diodes will be used as a component of a quench cables is connected to each of the bus bars using two-hole
protection system to bypass an exponentially decaying current MCM500 lugs.
of 36 sec. time constant and peak current of 7000 A. Tempera-
ture excursions due to approximately 252 Kilo Ampere Sec. are W "
studied using ANSYS, a finite element analysis program. A par- WHOM.
abolic current waveform, of similar energy but higher MerTsure OS- -- 141

(1058 UMi was applied to the bypass circuit and temperature
excursion was measured at various locations. The procedure of 6..T..67..6..T&..T*&-
current waveform generation and thermal measurements is il-
lustrated in this paper. A comparison of simulation technique
with actual measurements confirms the accuracy of the bypass S" ""i
diode assembly model. This assembly is installed at the SSC ............. ................ .. .. ........
half-cell string test facility and results are extremely encourag-
ing.

1. Introduction Figure 1 - ASST Phase I Electical Circuit

A design has been created, and thermal analyses of the assembly
performance have been conducted to predict the temperature ] F - -

purpose of these tests is to verify with physical measurements ,.
that the assembly design is adequate, and to gauge the accuracy _

of the thermal analysis procedures for future use.
Figure 1 shows the electrical circuit of Accelerator System
String Test (June 1992) in which these assemblies are connect- K I
ed. The nominal bypass current waveform to be conducted by
the bypass assembly during quench is shown in Figure 2. The
test setup used was not easily configured to provide an exponen- i LLL iI
tial decay from an initial value, so a power supply was pro-
grammed to provide a fast rising current to 10 followed by a

parabolic decay as shown in Figure 3. The waveform was con- Figure 2 - Nominal 7 kA Program to power supply (10V = S00OA)
figured to provide the same I Idt as that to be exercised during
the operational scenario. The nominal peak operating current
for the collider is 6500 A, but a special "conditioning" scenario .

possibly requires operation at 7000 A. Therefore, our tests ex-
ercised the devices to this level.

II. Test Setup Description -

Each bypass diode assembly consists of two independent (ther-
mal and electrical) diode circuits which can be configured as h "'"•f=-

one, two, or three diodes in series. Each of these independent
circuits can be used to protect one or more magnets which to- .A=

gether make up a "quench bypass unit". Figure 4 shows a total
assembly loaded with 3 diodes in each section. These tests were
conducted using a three-diode and a two-diode stack. ........
Each circuit is composed of a stack of International Rectifier
type R77R6A diodes alternating with copper disks acting as Figure 3 - Parabolic Approximation to Nominal Current Waveform
heat sinks and clamped under a force of 10000 lb. Disks next to
the anode side of the first diode and the cathode side of the last
diode are connected externally through copper bus bars (3/4" x
1/2") brazed to the copper disks. A pair of MCM500 bypass .-

• This work supported by the United States Department of En-
ergy under contract DE-AC35-89ER40486. Figure 4 - Assembly with 3 diodes ian Series
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Thermal sensors (RTD - Resistor Temperature Detectors) were provide the same heating effect as the exponential decay, one
inserted into the sides of the copper disks between the diodes wants to match the j Idt in the two waveforms since the voltage
and in the connecting bus bars to monitor temperature excur- drop across diode devices is approximately constant in the cur-
sions during current pulsing. Instrumentation cables were used rent range of interest. (For a resistive system, such as the bypass
to interface the RTD signals to signal conditioning amplifiers cabling, the heating is proportional to the J 12dt. Analysis of the
(OMEGA OM3-600). Signals were digitized and stored in two exponential and parabolic waveforms then leads to the condi-
Lecroy data loggers for analysis. Sampling rates of I Hz and 10
Hz were used to record slow and fast processes. Table I lists the tion that Io'c,=1 /31otf, where'r=36 s for the exponential decay and

signals measured and the data logger channels for the first series tf is the final time at the end of the parabolic decay. This condi-
of tests using one 3-diode section tion results in ti= 108 s for the case where J Idt=252 kA-s. Since

the resistive parts of the system will be heated proportional to
Table 1: Data Logger Signal Definitions JI2dt, we calculate that result for the maximum strest waveform

Lecroy I Lecroy 2 and find that for the parabolic decay, Jl2dt=-1058 MIITs as corn-
Description Calibration Signal Signal pared with 882 MIlTs for the reference exponential decay. This

Name Name additional heating in the cables and connecting busbars is in a

Anode I Bus 200"C/10 V V8 V4 safe range and assures that we have data from a case which is

Anode I 6000C/10 V ____ _ V5 more pessimistic than actual Conider operation.

Cathode 1 60C10 V Vii V6 A variety of electrical tests were performed and temperatures at
the points listed in Table I were recorded. The power supply

Anode 2 600"C/1O V V12 V7 was quickly ramped up at 1.4 kA/sec starting from an initial cur-

Cathode 2 6000C/10 V V13 V8 rent of 50 A and was then parabr, lically ramped down. On the

Cathode 3 2000C/10 V V6 V2 first run with the three diods z;onfiguration, the peak current was
Bus 2 (3/41) limited to 3500 A, and the temperature profile was recorded. Six

more runs were performed by increasing the peak current in 700
Bus 1 (18") A steps. The waveform generation algorithm used easily scales

the peak current with fixed rates of change, so the waveforms at
LEM Trans- 10 kA/5 V V9 V14 different currents do not have areas which scale with the peak
ductor current value. Hence, data must be analyzed with respect to the

actual waveform area, not with respect to peak current.
The bypass diode assembly was inserted in a 4 ft long GO a

sleeve for 3.5 kV de electrical isolation from ground. The total Tests were also performed on the two-diode section and on the
assembly was then inserted into a 4 ft long stainless steel tube two sections in series by strapping the two independent sets to-

similar to the enclosure that will be used for mounting the as- gether. In order to establish that damage had not occurred during
semblies in the eventual Collider tunnel. the high current testing, reverse bias measurements were made

on all 5 diodes before and after electrical and thermal stress.
A 0.1% LEM transductor was used to monitor the bypass cur-
rent waveform. The actual accuracy of this device was less than
specification due to use of an uncalibrated burden resistor in this "-- w -- - " w I

setup, therefore, a comparison was made with the IRING cur- - . - r -

rent transductor measurement in the power supply. the compar- -

ison indicates approximately 1% difference between the two
signals in the JIdt for the current pulses used. The signal from -.

the LEM transducer was instrumented by an Analog Devices- - -I--

amplifier (3B41) before connection to the data logger for digi-
tization and storage. The String Test power supply control mi- - -

croprocessor (SECAR) was used to generate a parabolic "" - . -

waveform that is comparable to the real waveform as discussed - -

earlier. This waveform provides the current reference for a Dy- ai $WIN "ON me MW S
napower power supply capable of delivering 0 - 8000 A at 0 -
40 V. Figure 5 - Tempe-atume Rise at Honest Spot in Assembly

The diode assembly was connected across the power supply in
various configurations: IV. Data Analysis

1. three diodes in series, Data was extracted from the Lecroy data logger files on com-
2. two diodes in series, puter system, reconfigured to a convenient format, and plotted
3. five diodes in series. using the SPICE circuit analysis postprocessor tools.

We also added additional copper mass (disks) to the three diode Table 2 and Figure 5 indicate the temperature rise measured at
configuration for later runs. the hottest spot in the assembly as a function of the area under

the I vs t curve during these tests.
In. Test Process Description The current waveform and temperature profile vs time at four
The power source was easily programmed to provide parabolic points along the assembly are shown for the 7000 A run in Fig-
and linear ramp segments. For a parabolic decay waveform to ure 6 and Figure 7.
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VI. Thermal Recovery
During the test runs, the recovery to ambient temperature takes
about 2 hours. In the operation of the Collider, this presents no
problem since data analysis from the quench and recovery of the
refrigeration system to operating conditions require a similar
length of time.

VII. Conclusions
The tests have shown that the current design will work satisfac-
torily for the Collider with three or less diodes per bypass unit
(number of diodes is dependent on bypass unt inductance and
ramp rate). From separate measurements made in the laboratory,

Figure 6- Curret Wavorm for T a 7 k the forward conduction threshold of the three diodes is 0.95 V
Figure 2: Temperauren Rie during Experimnta Rs Aat 35*C, allowing a maximum ramp rate of 4.2 kA/s with mag-Table 2: Temperature Rise during Experimental Rise net inductance of(3 x 75 mH = 225 mH) and for a leakage cur-

Run Peak Cur- T initial T Final Id AT rent of 1.5 mA established as the system requirement.

Run PThe peak temperature rise of the assembly is much higher than
rent (A) (C) (C) (kA-s) (C) good design practice would allow for steady state operation

such as in power converter applications. However, the transient,
1 3,500 20 76.8 64.3 56.8 low rate of occurrence nature of this application coupled with
2 4,200 24 102.2 93 78.2 the absence of reverse bias voltage for the device to block after

the current pulse permits reliable operation of these diodes at
3 4,900 23.1 126.3 124 103.2 temperatures above 2500C according to the manufacturer.

4 5,600 24.7 155.1 160.6 130.4 VIII. Acknowledgments

5 6300 26 184.2 203.8 158.2 The tests described above were conducted with the cooperation
and assistance of Al Mclnturff and Bob Flora of Fermilab, Mi-

6 7,000 36.7 223.7 251.7 187 lan Kuret, Roger Nehring, Gerry Sorensen and Nghia Tran of
SSCL, and Art Felix of International Rectifier.

S Dim& T=oL ".01M A. 3 Linm mmo w

V. Comparison With Thermal Analysis - -

As indicated above, prior to the testing, a finite element model ----
was constructed to perform a thermal transient analysis of the - -

diode assembly using ANSYS. The purpose of the study was to
predict the maximum temperature of the silicon wafers of the m
diodes and to provide a basis for comparisons of temperatures
that could be measured and hence extrapolated to the silicon wa-
fer.

The model placed three diodes in series as described in the test
setup description. Details of the two-dimensional axisymmetric s
thermal solid modeling included the mechanical dimensions
and thermal properties of the many different layers such as the
copper cathode and anode, molybdenum buffer, silicon wafer,
aluminum junction and silver disk. Details of the construction
of the diode were provided by Art Felix of International Recti- I, -M
fier. The material properties were obtained from the CRC hand- Figumr 7 -Tem-peurste ProfievTime for 3-Diode Asembly at 7 kA
book. , "
The heat generation function applied to the silicon wafer layers P.on
was K t -P0.=693.4 e-t/36 ln(l+7Xl014e'•/3). I' an- - ._'..1

Natural convection was assumed to occur to the bypass cables. " -- 1
The simulation results predicted a maximum temperature of -"-'-[- _

peak occurring about 60 s after the heat generation started as In - ..-
shown in figure 8. The simulation results indicate a temperature . -- -

profile very close to that measured in the tests. : '

1i40 8- 7fernul Analymis W1repMa r Profile
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Frequency-feedback Tuning for Single-cell Cavity Under RF Heating*

Jeffrey D. Stepp, James F. Bridges
Argonne National Laboratory

9700 S. Cass Avenue, Argonne, IL 60439 USA

Abstract I. INTRODUCTION

A tuning system is described that is being used to match the A block diagram of the RF system is shown in Figure 1.
source frequency of a high-power klystron on the resonant fre- That portion of the RF test stand controlling the amplitude and
quency of the prototype single-cell cavity for the 7-GeV Ad- phase of the RF in the single-cell cavity being tested is de-
vance Photon Source (APS) storage ring. Typically a water- scribed below. Also included is a description of the phase regu-
cooled piston tuner is required to adjust the reactive component lation that maintains the cavity's resonance point. Both pulse
of the cavity's impedance to minimize reflected power back to and continuous wave (CW) operation are supported to allow
the RF drive source. As the cavity walls expand due to RF heat- connection and testing of various high-power components.
ing, the resonant frequency decreases. Adjusting the source fre- The single-cell cavities being designed for the APS storage
quency to follow the cavity resonant frequency is a convenient ring will require RF input power of 57 kW and 800 kV gap volt-
method used to condition the cavity (for vacuum) at high power age each at a nominal frequency of 352 MHz to maintain a 200
levels, in this case, I MV gap voltage at 100 kW power level, mA, 7.5 GeV stored beam [ 1]. The engineering design is I MV.
The tuning system consists of two coupling ports, a phase detec- A cavity resonance-control loop is used to match the source
tor, a digitizing I/O system, and a DC coupled FM-modulated frequency of a high-power klystron with the cavity's resonance
RF source. Proportional Integral Derivative (PID) loop param- frequency. The loop modulates the RF frequency tc track the
eters for the Experimental Physics and Industrial Control Sys- resonant frequency of the RF cavity load under RF heating if a
tem (EPICS) software are calculated, and data is presented tuner is not Lsed. In operating accelerators, a control loop ad-
showing the damped response to perturbations on the loop. justs a water-cooled mechanical tuner slug through a stepper

The tuning system presented here does not need water- motor to match the cavity's resonant frequency with the RF
cooling, has no moving parts to wear out, and has an inherently source frequency to satisfy any beam loading requirements, as
faster response time. Its one limitation is the digitizing sam- well as minimize reflected power back to the high-power RF
pling rate. The only limitation in tuning range is the bandwidth source. Temperature regulation of the cavity structure has been
of the RF source. used for the purpose of thermal detuning correction [2].

POWER A LTEMP.
SUPPLY SESR

VC OC OK

V LOW-LEVEL KLYSTRON G IRCA CAVITY
OREF RF

LOAD
500

Oc *IN

KKLYSTRON AIR WATER VACUUM TUNER CAVITY DATA
POWER COOLING COOLING PUMP SYSTEM ACQUISITION
SUPPLY

Figure 1. Resonance control setup of the RF test stand.

*Work supported by the U.S. Department of Energy, Office of Basic Sciences, under Contract W-31-109-ENG-38. The ,,. .. t.od m.anuscr.pt has been authored

by a contractor of the U. S. Government

under contract No. W31-109-ENG-38.

Accordingly. the U. S. Government retains a
nonexclusive. royalty-free license to tublish
or reproduce the published form of this
contribution. or allow others to do so. for
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Under CW operation the cavity will heat up causing the Sig. Gen. cavity PaeDl

resonant frequency to shift. If a tuner is not installed, then the
RF source frequency can be modulated to follow the cavity's
resonant frequency. The frequency will track until the maxi- Fr Offset +

mum frequency deviation is reached. Past this point, the cavity
will begin to detune. When a preset value of VSWR is reached,
the reverse power will trip off the RF drive. This can be pre- +

vented by changing the RF source frequency by an amount

equal to the maximum deviation. The inherent fast response of
this method is a convenient way to vacuum condition the cavity Figure 2. Gain line-up.
at high power levels.

The transfer function of the feedback loop is calculated,

II. DESCRIPTION from the frequency deviation voltage to the phase detector volt-

For cavity tuning control, a feedback system is used to age, to be + 100 mV 1 Hz + 10
compare the cavity phase with the input phase, from a wave- -= + 100 kHz x5.3 mDeg x + 10 mV = 0.189.
guide coupling port, and adjust the tuner system to keep the cav- The FM bandwidth of the RF source is 50 kHz at I dB. The
ity at the resonant frequency within +/- 1'. The two signals are scan rate of the A/D and D/A is set by the program to be a maxi-
compared with a digital phase meter to produce an error signal. mum of 10 readings/sec. The phase detector's output has a 3rd-
A phase shifter is inserted in the cavity input power signal to set order elliptic filter with a 3-dB bandwidth of 800 Hz and a rise
the cavity phase at the resonance frequency near zero. The digi- time of 334 us.
tal phase information is read by a microprocessor located in the
slot 0 controller card of a VME crate, which then adds the re- IV. PID PARAMETERS
quired phase offsets, producing an error signal to control the fre- The Ultimate tuning method [3] was used to set the P pa-quency of the RE source.ThUliaetnnmehd[]wsudtoethePp-

The digitizing n/O system modulates the synthesizer with rameters in the EPICS software. The ultimate gain (Su) is thevalue of KP needed to sustain oscillations about the set point
a frequency offset to follow the cavity's resonant frequency value The ultimate period (Pu) is the period of sustained os-
changes under RF heating, without the need for a water-cooled vatue. A ule of (Pu) is trollers of the os-
mechanical tuner system. The bandwidth of this system is lim- cillation. A rule of thumb for controllers of the form Kc(1 +
ited by the modulation bandwidth (50 kHz) and the maximum lTip + Tdp) using proportional plus reset control is Kc=0.45
FM deviation (in this set-up, +/- 100 kHz) of the RF source. Su, and Ti=Pu/1.2. In the EPICS software PID control algo-

The loop corrects only the reactive element of cavity input rithm, the change in error function (or velocity algorithm) has

impedance by keeping the phase difference between the RF i- the form
put and field probe at a constant value. DM = KPx(de) + exdtx * KP + - KD .

For this instance where the cavity does not have a mechani- 60 di d/ 60

cal tuner, the frequency of the RF source will be modulated by Therefore, the program values for proportional plus reset con-
a DC-coupled voltage under computer control to track the reso- trol are KP=-Kc=0.45Su, KI=60/Ti=72/Pu.
nance point of the cavity as it drifts due to RF heating. A proportional integral derivative controller (PID) could

have been used to offset the dead time caused by the 10-Hz scan
rate of the A/D and D/A and provide a faster response. Howev-

III. RESONANCE LOOP PARAMETERS er, the initial tuning would be much more difficult and was not

The cavity's phase sensitivity is pursued. A procedure is given in Ref. [4].

90o 90 5 mDeg. V. OPERATION
3 dBBW 17 kHz Hz Before the loop is run in a closed loop, the phase offset of

The A/D and D/A converters used were 12-bit VME mod- the cavity must be adjusted to compensate for cable differences.
ules in the controller crate. The A/D resolution over its input This value then becomes the reference for the loop. The proce-
voltage range of +/- 10 V limits the phase error of the cavity to dure used is the following:

± 10 V = 4.8 mVx0"l° = 0"480 a. Set klystron output power tobelow 1 kWtominimizeRF
12 bits bit mV bit heating.

The modulation sensitivity is defined by the modulation in- b. Turn off signal generator modulation.
dex of the RF source and was set to +10 kHz/V for initial loop c. Adjust signal generator frequency until reflected power is
tuning and then the full +100 kHz/V deviation for operation. a minimum (<-15 dB).

A proportional integral controller (PI) sets the feedback d. Read phase value on vector voltmeter.
function of the resonance tracking loop. Its easy tuning and off- e. Record as phase offset value.
set adjusting allowed quick closed-loop operation. The feed- With KI=KD=0, KP was set to sustained oscillation of
back system is shown graphically in Figure 2. phase difference after a step input of I kHz in frequency in a
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closed loop mode with the RF source modulation index set ini- f,,21. 19•1 12 0,191

tially for 10 kHz deviation. This was done to keep the reflected o'- sarples for 11/21191 1122:51.600 through 1121191 112326.148

power small.
The ultimate gain and period were found to be Su= 1.47 and I

Pu=0.625 seconds. Once the loop was optimized, the RF source I
deviation was set to a maximum to allow increased tuning for -0 1 I ,
higher RF power. Scaling the PID parameters for maximum I ii'
source frequency deviation, KP only was changed to 0.2. I a I

Figure 3 shows the response of the resonance tracking loop ,- L.
due to perturbation of 1 kHz in the PID setpoint. This data was 0 fta i

taken for KP=0.1, KI=10000, SCAN=0.2, and the RF source L L , , -
deviation set to 10 KHz. - -.- a

I a - ,
It I
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A DEVICE OF AMPLITUDE AND PHASE STABILIZATION FOR THE FEL
INJECTOR IN THE L-BAND

Zhang Qinghai, Wang Xiulong, Sun Yuzhen, Bu Sunfu
Zhang Meifang, Su Guoping

China Institute of Atomic Energy, Linac Laboratory
P.O.Box 275(17), Beijing 102413, P.R. China

Abstract consists of a source (S), electronic phase
shifter (EPS), power amplifier (PA),

A device of amplitude and phase double balanced mixer (DBM), level ampli-
stabilization for the FEL injector in the fier (LEVEL)and load (L) or buncher cavity
L-Band is developed in CIAE. without the (B), as shown Figure 2.
distortion of the pulsed envelops, the
stabilities of amplitude and phase of
the closed circuits in the device can be A PA

better than t 1% and t1' respectively.
The device is used in the FEL injector

in the CIAE Linac Laboratory.

1. CONSTRUCTION OF THE DEVICE Fig 2. Schematic of phase stabilization part

There are two component parts in the In the phase stabilization part, the
device, i,e. Amplitude and phase stabiliza- phase of the rf field in the load or the
tion part. The amplitude stabilization part buncher cavity may be changed by some
mainly consists of a source (S), electronic disturbances, and a sampling signal of the
attenuator (EA), power amplifier (PA), rf field phase from the load will be
level amplifier (LEVEL), detector (DT) and compared with the conference signal from
load(L) or buncher cavity(B), as shown in the S in the DBM. The amplitude of the
Figure 1. output signal voltage from the DBM will

be made to be proportion to the phase
difference between them. Then the voltage
signal is back bed into the EPS through
the LEVEL, the phase of the rf field in
the load or the buncher cavity will be
adjusted negatively and stabilized at once
[11.

2. PERFORMANCES OF THE DEVICE
Fig 1. Schematic of amplitude stabilization

part In order to secure the device and get
the best performances of the device, the

In the amplitude stabilization part of rf power level through it must be limited
the device, a sampling signal from the below 50mW. But. the device in the rf svs-
load or the buncher cavity, through the tern (as shown Fig I and 2) can control and
DT and the LEVEL, is back fed into the stabilize with the rf power of Mws in the
EA. The rf amplitude in the EA will system.
be adjusted negatively. And also the ampli- The operating frequency of the rf
tude of the rf field in the load or the power signal in the device is 1300MHz
buncher cavity will be balanced and ±10MHz in the L-band. The device can be
stabilized at once. used in the continuous wave model or

The Phase stabilization part mainly the pulsed wave model. The pulse duration
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for the FEL injector can be from one The device has been used and operated
ps to tens ps. The response time of the normally in the injector; but the regulation
closed circuits in the device is about 2 ps. of the injector has not been completed

The capture range of the amplitude get and the are still a lot of the works
stabilization can be about ± 50% of the have to do.
relative amplitude. The stability of the
closed circuit in the device can get
better than ±1% of the relative amplitude,
if the amplitude of the open circuit is 3. REFERENCE
changed within ±10% of it.

The capture range of the phase stabili- [11 M.T.Lynch, P.J.Tallerico and E.F.Higgins.
zation can be about t30 of the phase in "Phase and Amplitude Feedback control
the device. The stability of the closed system for the Los Alamos FEL", IEEE
circuit can get better than _+I° of the Trans, on Nuclear Science, Vol. NS-32,
phase, if the phase of t10" of the open No.5. October 1985.
circuit is changed.

The pulsed envelops of the rf signal
must be kept to be approaching rectangles
and can not be distorted in the adjust-
ment and the test. The oscilloscopic
envelops of the closed circuits in the
device, as shown Figure 3.

(a) The Amplitude envelop

(b) The phase envelop

Figure 3. The oscilloscopic envelops of
the control signal in the closed
circuits.
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A Jet Neutralizer Concept

T.E. Horton
School of Engineering, University of Mississippi

209 St. Andrews Cr., Oxford, MS 38655

Abstract aperture. The total mass flow rate through the jet

When gas cell neutralizers are inadequate for large scales as the product of the beam aperture and the

aperture ion beams, one must turn to supersonic jets to neutralizer length along the beam. Of this flow only a
achieve a neutralizer. A transverse supersonic jet fraction, less than 5%, enters the beamline.anchieve a neutralize. An transvrse supresoni. jet The concerns with supersonic transverse jet
concept for neutralizing ion beams is presented. The neutralizers are: the mass of gas required, viscous
concept eliminates the problems posed by boundary layer effects, and rarefied gas effects. As a measure of the
development in a low density nozzle flow. Operating importance of each of these, the following data are
conditions are presented for optimum neutralizers using presented for our nominal 1 meter beam aperture:
several gases.

I. INTRODUCTION Gas Mass Flow Reynolds Knudsen

A. Gas Cells (gmls) No. No.
HELIUM 180 11000 0.0005

In using a gas stripper for a negative ion beam there ARGON 26 1400 0.004

are two neutralizer concepts: the gas cell and the XENON 13 660 0.009

transverse supersonic jet. For either, a controlling
parameter is the "target thickness parameter", the
integral of gas density along the ion beam path. Data
on this parameter have been presented in Reference [1] The above were based upon the optimum target
and are used as the data base for this work. For thickness parameter for each gas with a gas supply
optimum neutral yield these data can be translated into temperature of 300K. The Reynolds number, which is
the pressure for a one meter thick neutralizer. The a measure of the importance of viscous effects, is the
optimum pressures are minimum value evaluated at the Mach 1 condition in the

jet. These values are low, indicating a significant
viscous problem. The Knudsen number, the ratio of

Neutralizer Gas P (torr) mean free path to neutralizer length, was evaluated in

HELIUM 4.8 the high Mach number flow of the neutralizer volume.

ARGON 0.22 These values indicate the continuum assumption

XENON 0.058 remains valid for purposes of analysis.
From the above one can conclude that the primary

concern in the choice of a jet neutralizer concept must
Considering beamline pressures of 10-5 to 10-9 torr, be with the viscous effects. It is imperative to increase

the escape of gas from the neutralizer into the beamline the minimum Reynolds number to prevent a viscous
represents a significant problem. In addition to the gas distortion of the jet. Equally important is the reduction
load on the beamline pumps, other concerns are the or elimination of the significant thickness of boundary
complexity of the system, the total gas consumption, and layer which develops on the walls of conventional
the beam length required. nozzles.
B. Gas Jets In the following, a concept is presented for achieving

a well confined wedge of supersonic flow in which
In terms of both concept and implementation, viscous effects can be minimized by controlling the

supersonic jets are complex. Conceptually, one is Reynolds number at Mach 1 and eliminating boundary
utilizing the limited lateral expansion available to a high layers.
Mach number flow. The flow is directed transverse to C. The Corer-expansion
the beam to create a wedge of neutralizer gas. Above a
Mach number of 6 the flow velocity approaches a Corner-expansion flows are common to under-
constant value, thus the conservation of mass assures a expanded supersonic flows as they escape the confines of
constant target thickness parameter over the beam a nozzle. They are characterized by the abrupt turning
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of the streamline at the lip of the nozzle. A classic
illustration of the phenomena is reproduced in Figure 1.

Here an initially uniform sonic flow has been depicted 0
as series of streamlines emanating from the Mach 1 0 - 4

source cross-section and as a series of dashed constant( -. ®
Mach number lines radiating from the lip. The lip will
be referred to as the "source lip" below.

The constant Mach lines also represent lines of
constant properties and in this figure they represent
order of magnitude reductions of pressure. 8

II. THE DOUBLE CORNER-EXPANSION JET
The concept presented in this paper, which has been

termed the "double corner-expansion", can be most easily
introduced by referring back to the Mach I source
corner-expansion of Figure 1. Consider a second lip ,
placed on a streamline, pointing in opposition to the
flow, and rotated through a slight positive acute angle to
the streamline. This lip will "scrape off' those W
streamlines above the lip streamline. These will
experience compression by an oblique shock just above
the scraper lip. Those streamlines below the lip will Figure 2. Possible configuration of the Primary
expand via a high Mach number corner-expansion Flow Circuit to achieve a double corner-
originating at the scraper lip. expansion jet for a neutralizer. With: 1--gas

The streamlines above the scraper lip are referred to supply plenum, 2-sonic throat, 3-upper wall of
as the "primary flow" and those passing between the primary flow circuit, 4-a primary flow
source and scraper lips compromise the "secondary flow", streamline, 5--oblique shock in primary flow,
One can conceive of the primary flow as being that of a 6--exhaust from diffuser, 7--scraper lip,

8--secondary flow jet directed transverse to
beamline.

slightly bent wind tunnel, depicted in Figure 2, with the
p Mach - 1 gas supplied by a plenum to the Mach 1 throat, which is
0 followed by the supersonic nozzle (formed by the upper

Source Lip .bound streamline and the lip streamline), and exiting by
the diffuser (formed by the continuation of the upper-

a bound streamline and the scraper lip plate). The use of

an appropriate dimension for the primary flow throat
Intercept

Streamline eliminates the throat Reynolds number problem. If we
think of the primary flow path as that of a wind tunnel

Scraper Lip then the secondary flow can be thought of as a leak
through a slit in the tunnel wall. The secondary flow is
utilized as the jet neutralizer.

, Focusing on the secondary flow jet, consider the
factors influencing the positioning of the scraper lip
relative to the source lip. Clearly, high values of the
intercept Mach numbers are advantageous in achieving
compact jets. Recall from Figure 1 that the radial

Figure 1. Corner-expansion of an initially dashed lines represent constant values of Mach number
uniform Mach 1 flow. Mach lines are dashed and and that Mach numbers increase in the clockwise
shown for multiples of 10 in pressure. direction. The intercept Mach number position also
Streamlines are plotted with solid lines, results in the skewness of the secondary flow jet to the
Positioning of Scraper Lip for double expansion primary flow. Increasing the radial position of the
is shown with parameters: L--lip spacing, L*-the scraper lip relative to the source lip increases the mass
source layer thickness, and Po the supply flow in the jet and consequently the target thickness
stagnation pressure. parameter.
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Intercept Mach numbers below 3 result in extreme extremely low temperatures achieved in the flow. The
spreading of the jet. Mach numbers above 12 represent contoured field shown in Figure 2 represents 97% of the
increasingly improved wedge angles but are considered mass flow in the jet and is for a Mach 6 intercept. The
to be unattainable because of condensation at the contours of the jet are unit increments of the Mach

number and may be converted into pressure or density
contours by the usual gasdynanmic relations.

III. OPERATING PARAMETERS
HELIUM

p. and operating pressure. Using the optimum target
thickness data with results for the double corner-
expansion computations, operating parameters have

18 100 been computed for comparisons of helium and argon.
These data, which are a function of intercept Mach

C)number, are presented in Figures 3a and 3b, and
L* (me) XP. (torr) supplement data presented earlier in this paper.

10 With the elimination of Reynolds number as a primary
design parameter the decisive parameter would appear
to be the mass flow rate of the jet. Contrasting the 1
meter beam requirements of 180 gm/s for helium with
the 26 gm/s for argon, argon would seem the better

a 4 .5 6 , , a 11 12 choice. However, this conclusion is based only on the
Mach Number mass rate of the secondary flow. A mass rate of 20

times the argon number might be circulating in the
primary flow to eliminate the throat Reynolds number
problem. For helium only 2.5 times the secondary flow
rate is required to achieve the same throat Reynolds
number. This translates into primary flow rates for

ARGON argon which are over 10% greater than that of helium.
188. 100e •Furthermore, this would translate into an argon primary

flow tunnel which is 8 times the scale of that for helium.
Several questions have not been treated in this study.

One concerns the asymmetry of the flow--will this create
18 0 .leproblems in designing a supersonic diffuser to recover

the jet flow? Will it be allowed to escape or recovered by
L* (me) P. (torr) condensation? A metal vapor jet is considered in

Reference [2].
1 18 We can conclude that the double corner-expansion

concept is a viable collisional neutralizer concept for
large beams. It involves the complexity of a primary
flow circuit to eliminate viscous effects; however, this is

__more reliable and effective than a more complex system
3 4 s6 7 o a 13 •1 of boundary layer control on conventional nozzles at

Mach Number high Mach numbers.

IV. REFERENCES
[1] R. Fuehrer, Tabulation of Electron Stripping

Figures 3a and 3b. Data for a lip spacing, L, of Parameters for Various Gas and Solid Neutralizer
one meter. The quantity P0 is the stagnation Targets Interacting with 50 MeV H-Ion Beams,
pressure in the gas supply plenum. The quantity Memorandum LANL Q-13:86:443, (1986).
L is the thickness of the layer of gas at sonic [2] J.J. Guy Durocher, C.S. Bohun, and G.R. Smith,
flow which forms the jet. As the actual "Production of 20 to 50 MeV Neutral Hydrogen
parameters are PoL and L*/L, these data can be Beams", IEEE Particle Accelerator Conference,
scaled to systems of any size. CH2387, 1869 (1987).
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Modulator Upgrade of the KEK 2.5-GeV Linac

Tetsuo Shidara, Hiroyuki Honma, Shozo Anami, and Isamu Sato
KEK, National Laboratory for High Energy Physics

Oho, Tsukuba, Ibaraki, 305 Japan

Abstract
There is a plan to upgrade the energy of the KEK 2.5-GeV II. MODULATOR SPECIFICATIONS

linac to 8.5 GeV relevant to the B-factory project. The
increase from the present 2.5 GeV requires reinforcing the There are two limitations concerning our modulator

existing microwave source. In order to realize this upgrade: the maximum available space at the klystron gallery

reinforcement with a limited budget, the upgraded modulator and the budget for the modulator modification. Taking these

was designed so as to utilize those components of the old limitations into account, the average power of the upgraded

modulator as much as possible, expect for a necessary change modulator was designed so as to be twice that of the existing

in the main line components. This article describes the modulator. This amount of reinforcement is the limit for us

upgraded modulator specifications and its performance tests. to utilize those components of the existing modulator as much
as possible. The specifications of the original 141 and two

I. INTRODUCTION types of modified modulators (SLED and a traveling-wave
resonant ring, respectively) are shown in Table I. A

Reinforcement of the KEK 2.5-GeV linac from the simplified diagram of the upgraded modulator is also shown in
present 2.5 to 8.5 GeV is presently under consideration as a Figure 1. The rectifier transformer and charging transformer
future project relevant to the KEK B-factory [1]. This energy assemblies are water cooled in order to maintain the present
upgrade necessitates replacing the existing 30-MW klystrons volume. The inductance of the charging transformer was
with new units [21, together with a certain microwave power reduced to half that of the original modulator in order to realize
multiplying scheme, such as a traveling-wave resonant ring or the same charging time (10 msec). A new pulse-forming
a SLED (SLAC energy doubler) [31. Although the details network (PFN) which reuses the existing capacitors is being
concerning this energy upgrade have not yet been decided, we fabricated with two identical networks in parallel. This
have started to modify one of the existing modulators at the scheme lessens the effect of any residual inductance of the
klystron gallery (No. 4-6) in order to confirm the feasibility PFN capacitors, since the characteristic impedance of each
and long-term stability of this modification. network is twice that of the modulator.

Table I
Comparison of the original and modified modulator specifications

Original Modilied (SLED) Modified (recirculation)

Maximum peak power (MW) 84 117 153
Maximum average power (kW) 14.7 30 30
Transformer step-up ratio 1:12 1:13.5 1:15
Output pulse voltage (kV) 23.5 23.5 23.5
Output pulse current (A) 3600 5(XX) 6530
PFN impedance (Q) 6.0 4.7 3.6
PFN total capacitance (4F) 0.3 0.6 0.6
Pulse width (pIs) 3.5 5.6 4.3
Rise time (pis) 0.7 0.8 0.8
Fall time (gs) 1.2 1.3 1.5
Pulse repetition rate (pps) 50 50 50
Maximum pulse height 0.3 (peak to peak) 0.3 0.3
deviation from flatness (%)
Maximum pulse amplitude 0.3 0.3 0.3
drift (%hour)
Thyratron anode voltage (kV) 47 47 47
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Figure 1. Simplified diagram of the upgraded klystron modulator.

III. PERFORMANCE TESTS Figure 3 shows the output pulse voltage (peak -260 kV) and

power output (peak -32MW) waveforms. As an expanded

The N o. 4-6 klystron m odulator w as reinforced in order to tr c of he p l e op s ws i F gu e 4 t e p l e t p wa

confirm the above-mentioned modification (see Figure 2). flat within 0.3% after adjusting the PFN inductances. The

short-term pulse voltage stability was satisfactory and was lessi i v r-cuthan 0.1%.

Figure 2. Modified klystron modulator in the klystron Figure 3. Power output (upper: peak -32 MW, hor. lg.s/div.)

gallery. and output pulse voltage waveforms (lower: peak

-260 kV).
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Figure 4. Expanded pulse top trace of the output pulse
voltage (peak -260 kV) at the klystron (vert.
0.2%/div., hor. 500 ns/div.).

IV. PRESENT STATUS AND FUTURE WORK

After completing the modification in October, 1992, the
No. 4-6 klystron modulator has been successfully operated for
about 3000 hours for the use of practical tests utilizing a
SLED-type cavity [5]. We are therefore planning to modify
another eight klystron modulators in the gallery during
FY1993 as the first step to reinforce the KEK injector linac
relevant to the KEK B-factory project.
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NSLS X-RAY SYSTEM RF SYSTEM UPGRADE *
M.G. Thomas, R. Biscardi, W. Broome, S. Buda, R.D'Alsace, S. Hanna, J. Keane, P. Mortazavi, G. Ramirez, J.M. Wang

National Synchrotron Light Source, Brookhaven National Laboratory, Upton NY 11973

Abstract
Presently (Dec. 1992) three RF systems power the

electron beam at the NSLS X-Ray storage ring to 250 mA at [ 2.584 GeV with 3 CAVITIES I
2.58 GeV. A fourth RF cavity and system is being installed V,.d I vPP I V P/CAVI lb I Pb I t I P b10

to increase the machine reliability over pre-shutdown [i4kvI 1913kV 113 1230kV 31kW 1 0.25A 4kW1 9kW 1 135I

operational conditions (3 cavities). It also permits new levels Ia
of beam intensity and energy to be achieved in the X-Ray
ring. Intensities of 500 mA at 2.5 GeV as well as 250 mA at 2.5S4GeVwith4CAVITIES
2.8 GeV are anticipated. A description of the hardware, the Vmd VP 1 b I I I Pb/

CAV 0-4.. VAV//CAV I I I I Pa

installation and the modes of operation will be outlined in this 574 kV 144!kV 1.7 250 kV 31 kW 02 A 36kW 67kW W 2574kV |,4kV 1.3 187kV 17.5 kw 0.2A 36kW 53.5 kW 21

paper. X-Ray ring operations are scheduled to resume lb.

January 1993. Injection performance and high energy
reliability will also be discussed.

2.5 GeV with 4 CAVITIES
Vnd VgP/ x lp lA b Pb Ptat Pb/

INTRODUCTION CAv 0.4~. •vCAVI / P,,v
503kV 126kV 250kV 31kW 2 6W 2.0 W

The National Synchrotron Light Source (NSLS) is a -503kV 126kV 1.5 187kV 17.3kW 0-.SkW 63.6

national user facility in which proprietary research may be Ic.
done by groups within and outside of Brookhaven National
Laboratory. Two electron storage rings are currently 2.8 GeV with 4 CAVITIES

operating: a 750 MeV VUV ring with 16 ports for VUV and IVrd I 1 b I Pb I71 7 I Pb77 II - I VCPAV' I.4.1V.ICAPV I I I'A I P= I
IR research, and an X-Ray ring with 28 ports for X-Ray 791kV I 198kV 1.3 1 237kV I 33kW I 0.25A I 50W 1 93 W 1 1.5

research. Id.

The NSLS X-Ray ring is dedicated to the production
of high brightness, synchrotron radiation that normally Table 1
operates at 2.58 GeV at 250 mA. Power to return the energy CAVITY HARDWARE AND INSTALLATION
lost to synchrotron radiation is supplied by 125 kW A Varian Y-567B (4CWl00,00OE) tube was chosen
transmitters driving 52.88 MHz resonators. as the final amplifier to power the new installation. This tube

Present operation with three RF systems is at 2.584 has functioned reliably to above 90 kW in a Varian-built
GeV and 250 mA with an average lifetime that exceeds 20 transmitter since 1986 (>50000 hours) in daily operations,
hours. The radiation IF,. Fj-r turn is 574 keV, thus the beam without replacement. A new printed circuit RF processor was
power is 0.25 amp x 574 '.,V = 143.5 kW or 48 kW per installed which includes all the low level processing, such as
cavity. The beam power to cavity copper loss ratio, Pb/Pc = the phase and amplitude loops, signal detection and monitors,
48 kW/31 kW = 1.55, and the total power per system is 79 and tuning control. A frequency control loop drives the tuner
kW; as shown in Table Ia. With the addition of a fourth RF to compensate for reactive beam loading. Linking to the
system, reliability can be improved in either of two modes of computer is done via a newly designed VME crate, for level-
operation. If the excitation power of each cavity is left at 31 setting, monitoring, and communications with control-room
kW, the beam loading is reduced to 36 kW each. Note, that operators.
a fault in one system still allows enough remaining power to The resonator is a capacitively loaded, copper-clad
retain circulating stored beam. However, if the power/cavity steel cavity, with loop coupling and a shorted loop, motor-
is reduced to 17.5 kW (same O.V.F. as 3 systems), the total driven tuner. 80% of the total power is dissipated in the
power requirement is only 53.5 kW as shown in lb. water cooled electrode which is made of OFHC copper. Due

Each RF system is capable of producing 100 kW of to the relatively large surface area, each cavity has a 440
power reliably, so there is ample power for higher beam lit./sec. ion pump, a 45 lit./sec. Star cell ion pump and a
currents or higher energy operation, as mentioned above, titanium sublimation pump. Water cooled apertures were
Operation at 500 mA is summarized in Table Ic. The beam placed upstream of each RF cavity in order to intercept
power to cavity power ratio is rather high for the second unwanted synchrotron radiation before impinging onto the
mode, but presently the VUV cavities are run at Pb/Pc ratios accelerating gap surfaces. Cavity 4 installation in the beam
greater than 7:1. This mode requires additional study. line, paired with cavity 3, is shown in Fig. I.
Higher energv narameters are shown in Table Id. Inner surfaces of the cavity have been coated with a

300-400 angstrom layer of titanium/titanium nitride. It was• Work performed under the auspices of the U.S. Department concluded during initial testing that the coating was sufficient
to prevent multipactoring, but after installation, a persistent,
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low level, 2 kW multipactoring level still exists. Future for undamped and damped modes for the 52 MHz cavity were
testing of the loop window and cavity should determine the compared with the above probe technique and were in good
exact source of this problem. agreement. Results of both methods for the monopole modes

125 KW - 52. are summarized in Table 2. Similar results were achieved for
RF TRANSMITTER the dipole modes using the probe technique.

Impedance Measurement Probe Q-Measurement

(MK~Z) Q Qd fQIUZ) J Q I 0

53.235 10,471 7,598 52.948 16,100 C 13,800

275.101 36,122 145.0 273.673 33,050 160

338.092 26,663 -- 338.002 26,500 30

387.249 32,385 45.5 396.859 26,800 30

511.212 23,342 -- 506.514 26,450 200

534.308 17,366 722.6 -- -- --

546.576 35,337 1,474 -- --.

5 INCH COA 567.980 33,142 567.9 578.808 34,150 400

DRIVE LINE 586.102 29,447 333.7 -- - --

663.574 37,092 1,697 663.403 37,500 1900

713.817 44,822 -- 713.534 44,000 180

756.819 35,746 3,355 756.709 37,100 3,600

792.287 14,806 1,737 788.966 10,750 1,900
"d 878.156 22,260 817.7 861.651 22.680 420CRUSHER -•• //"NPUT LOOP

TUNER 954.737 30,329 2,729 954.783 48,900 200

APERTURE-, SOLATION 975.377 6,471 1,493 972.216 6,080 340

VALVETable 2.OEAM•E •~CENTER Tbe2

RF CAVITY ELECTRODE CONCLUSIONS
TUNE X-Ray operations have resumed with 4 systems since

-- ION PUMP early January with good results. Injection at 745 MeV and

Fig. 1. System 3 and 4 RF Cavities 502 mA has been achieved during limited study periods. A
beam current of 410 mA has been accelerated to 2.528 GeV

HIGHER ORDER MODE SUPPRESSION with 12 hour lifetime. The lifetime will improve as the ring
Higher order modes (HOMS) are damped using five vacuum conditions at the new higher current. Presently,

electric field probes inserted into the cavity. The probe beam-line shutters and insertion devices (undulators and
locations provide coupling to the Homs while minimizing their wigglers) are disabled during these studies because of possible
effect on the accelerating mode. Each probe is terminated heating due to increased photon power. Calculations are being
with a water cooled, 50 Ohm load. The approximate shunt made to determine operational limits. X-Ray energy has also
impedances of the HOMS were measured using on-axis E and been ramped to 2.8 GeV with a 20 mA test current for a
H field1 probes to obtain the undamped (Qo) and damped (QD) radiation survey. Plans for the future are to optimize injection
quality factor of the mode. The approximate damped shunt and to determine the RF parameters necessary to reach 500
impedance of the mode can be found by scaling the value of mA at 2.5 GeV and 250 mA at 2.8 GeV.
the shunt impedance as calculated by URMEL. This assumes
that the value of R/Q does not change with damping. REFERENCES

Another impedance measurement technique2'3 was [11 NSLS Tech Note #482 - Higher Order Mode
implemented using a central wire to simulate the electron Damping in X-Ray Ring Accelerating Cavity, W.
beam. This method was used to characterize the cavity modes Broome, R. Biscardi - 1993.
up to 1 GHz and confirmed the effectiveness of the damping 121 S.M. Hanna and P. Stefan, "Application of
antennae. Scattering parameters were measured using a Impedance Measurement Techniques to Accelerating
network analyzer (HP 8510B) with a PC as a controller. Cavity Mode Characterization", submitted to Nucl.
System analysis based on S and T parameters was used to Instr. and Meth. in Physics Research, 1993.
solve for the cavity impedance, Z(w), as a function of the [3] S.M. Hanna and P. Stefan, "Characterization of
measured transmission response, S12(w). Search techniques NSLS Accelerating Cavities Using Impedance
were used to find the shunt resistance, RFA, and Q from the Measurement Techniques," to be published in the
calculated Z(w) different modes. Results for R/Q showed Proc. of the 1993 IEEE Particle Accelerator Conf.,
good agreement with URMEL simulations. The values of Q 1993.
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A Wide Tuning Range Rf Cavity with External Ferrite Biasing*

X. Pei
Brookhaven National Laboratory, Upton, NY 11973, USA

S. Anderson, D. Jenner, D. McCammon, T. Sloan
Indiana University Cyclotron Facility, Bloomington, IN 47405, USA

decades, a scheme proposed by S. Papureanu and first adopted
Abstract at Max Planck Institute appeared to suit our application

especially well. Because of the origin, the cavity was named
A wide tuning range rf cavity with external the MPI cavity. Fig.l shows the principle of this biasing

quadrupole ferrite biasing was successfully built and has been scheme.
in operation in the Indiana University Cooler Synchrotron The rf cavity is loaded with ferrite rings for tuning
Ring. The new biasing scheme was proposed by S. Papureanu and for shortening the length required for a quarter wave
and allows a large number of turns on the biasing coils. Large coaxial resonant structure at 0.5 MHz. The outer conductor of
ampere-turns achieving strong biasing B field can therefore be the coaxial cavity is made of copper which is non-ferro-
achieved by a power source of much smaller current rating. magnetic. The entire cavity then is placed within a quadrupole
The external biasing also makes the rf cavity design magnet cut to fit the cavity. 40 turns of windings are put on
straightforward, eliminating biasing structure related parasitic each tip of the quadrupole. The biasing magnetic field path is
effects, such as hard to predict high order modes. shown in Fig. I. The center of the ferrite ring where the beam

pipe is located is well protected from the biasing field due to
I. INTRODUCTION a), the cancellation of field due to quadrupole field symmetry

and b), the shielding and shunting of high permeability ferrite

The electron-cooled Indiana University Cooler rings. Because the biasing structure is totally outside the rf

Synchrotron has a circumference of 86.8 m and a maximum cavity, it is not seen by the rf field. The rf design of the cavity

rigidity of 3.6 T-m. It was designed with long straight sections is therefore clean and does not suffer from the parasitic effects
free of beam optical elements to suit the internal target nuclear brought in by the biasing structure. In addition, the entirely

physics experiments. When its longitudinal emittance is external biasing structure has sufficient space to allow a large

reduced by electron cooling, the beam forms a tight bunch in number of bias winding turns. This is crucial to the use of a

the center of an rf bucket. Operation of the rf system at the much smaller power supply rated at 20 Amperes as the biasing

fundamental beam revolution frequency makes the beam of the magnetic field strength depends on the total ampere turns of

entire ring congregate as a macro particle. This allows certain the bias windings.

operations of the ring that are inevitably lossy, such as Outer
transverse kickers for multi-turn stacking injection, to avoid the Iron cornKctor Biasing co0l(48T/'lp)

beam azimuth position to minimize beam loss. An rf system
capable of h-I operation is therefore introduced in addition to
the existing rf system. It was also hoped that the new rf system
has a wider tunable frequency swing to accommodate Bow~
acceleration of heavier-than-proton particles. The frequency PWO "" ~~conductor
swing of the existing rf system is limited to an approximate
2:1 ratio with a bulky power supply rated at 4000 Amperes.

II. CAVITY DESIGN

Based on the revolution frequency of 45 MeV protons
in the 86.8 m ring, the lower frequency limit of the cavity was
chosen at 0.5 MHz. Fast tuning of the cavity is accomplished Ferite ring BIaiN B field

by utilizing the non-linear permeability characteristics of fermite
materials. At a higher magnetic field, the permeability of Fig.I Principle of external quadrupole magnet ferrite biasing.
ferrites decreases and eventually approaches zero due to field
saturation. Thus a biasing DC field can be used to tune the An additional variable capacitor (4100 pf maximum
cavity. Although the art of ferrite biasing has been tried for capacitance) is added across the gap to reach a resonant

Work sfrequency of 0.5 MHz and to make the cavity capable of
ksupported in part by NSF PHY9015957. covering an even wider tuning range. The heavy capacitative

0-7803-1203-1/93$03.00 0 1993 IEEE
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loading of the cavity also makes the cavity store predominantly Because power dissipation only occurs on the resistor.
magnetic energy (short transmission line approximation). we call the shunt resistor "gap resistance" and is defined as R,
Therefore it has the additional advantage of making the driving as follows:
port of the cavity, which consists of a magnetic loop connected
to the center conductor of the cavity, have a relatively constant R - I
impedance to match the 50 Ohm feeding transmission lines. R 2P
Cooling of the cavity is via forced air. The ferrite rings have
spaces between them. The center conductor of the cavity is
perforated. And the outer conductor of the cavity is made of where V, is the total voltage developed across the gap of the
copper straps with spaces in between rather than solid copper. cavity and P the total power absorbed by the cavity. It is
A fan forces air through all these air passages and keeps the obvious that for higher R,'s, less power is needed to drive the
ferrite and the cavity cool. Fig.2 is a cutaway illustration of the cavity to desired voltage.
cavity design. The diameter of the cavity is about 0.55 meters
and the length 0.6 meters. A total of 10 Philips accelerator bleinI qauole cavity

ferrite rings, material: 8CI2; dimensions: $498 x 0270 x 25 outer c tor

mm, were used. .

I capaito

&Gw ... ,in w

Fig.3 Sideview of the cavity with rf shielding lids.

Fig.4 through Fig.7 are measured frequency versus
bias supply current plots and frequency versus gap resistance

Fig.2. Cutaway illustration of the MPI cavity showing its plots at four different loading capacitor settings. Note that the
internal structure. effective ampere-turn is 40 times of the bias supply current as

the quadrupole magnet has 40 turns of windings on each of its
The bottom outer conductor was partially removed to tip.

allow support of the cavity. The loading capacitor across the
cavity gap is placed above the beam pipe. The driving loop is C=410 . I- .r-.

a simple side-insertion type. All these severely break the 22.0 0
symmetry of the cavity so the small if leakage inherent with/
coaxial structures no longer holds true. The cavity has to be 1_ 7.2 /•% 1/2560

0C

shielded against if radiation and aluminum lids were placed on 2120ld

- 12.4 thog-i. r esrdfeunyvru

both the front and back sides of the biasing quadrupole as s cre asshown in Fig.3. The quadrupole itself serves as of shield in the f 7.6s
center. b ot c w"

a 2.6 1240

III. PERFORMANCE MEASUREMENTS .•I
-2.0 0 . . -low

0.0 0.8 1.6 2,.4 .3.2, 4.0in the vicinity of resonance, the cavity can be with a

modeled with a r ossy shunt L-C-R circuit. The LC part
determines the resonant frequency. Accurate to the first order
in our case, the L value is variable by the ferrite biasing field Fig.4 Frequency versus bias supply current and frequencyand the C value is determined by the mechanical tuning of the versus gap resistance at C=42100 pf

variable capacitor. For our application, we are also very
concerned with the field strength developed across the gap at
a given driving power.
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Longitudinal Rf Matching during AGS-RHIC Beam Transfer*

X. Pei
Brookhaven National Laboratory, Upton, NY 11973, USA

down the injection operation and complicates operation as well
Abstract as hardware and software designs.

The Relativistic Heavy Ion Collider is a 2.5 mile long We therefore take advantage of the simpler bunch
superconducting colliding synchrotron currently under spacing relation in the AGS and the RHIC and divide the
construction in the Brookhaven National Laboratory. It is longitudinal matching into the kicker control part (called
capable of accelerating heavy ions such as gold to energies as "cogging") and the rf phase match part (called
high as 100 GeV/u. The collision of such high energy heavy "synchronization")1 21. In this scheme, rf phase locking needs
ion beams is expected to demonstrate important statistical only to be done once every AGS acceleration cycle.
quark and gluon plasma phenomena. The RHIC will be Fig. I is a block diagram showing the principle of such
injected with the existing Alternate Gradient Synchrotron a scheme and the description is as follows:
(AGS) and the rf systems of both the Collider and the AGS
must be matched to accomplish bucket to bucket beam transfer. RHIC GS AGS ,o

I. INTRODUCTION
Sequence Phese . ...ch o I
progr- nin --- I--- - -. -. .---

The designed RHIC circumference is 19/4 that of the S-..

AGS"'. At this ratio, if we have 12 bunches in the AGS advance - -(•- ^extrac, kc-s

synchrotron and 57 bunches in the RHIC collider, we have, ,_co __l,___' :RoI kickers

assuming isochronous bunch distribution: coggisg

57/19- 12/4
which means that both rings have the same bunch spacing. Fig. I Block diagram of cogging (enclosed by the dotted box)

After the initial commissioning, it is hoped that the and synchronization between the RHIC and the AGS during
RHIC have twice as many bunches. So its bunch number will beam transfer.
be increased to 114111. In this case the RHIC bunch spacing is
half that of the AGS. In both the 57 and 114 RHIC bunch The rf cavity signals are obtained by vector-summing
cases, the RHIC rf system will operate at the 342nd harmonic all the cavities in each ring. Since the RHIC has to be filled by
of the beam revolution frequency and the AGS rf system will the AGS in many acceleration cycles, the RHIC rf buckets are
operate at the 12th harmonic of the beam revolution frequency- numbered by a counter. There is no need to number the AGS

buckets as the simple bunch spacing relation will automatically
II. KICKER CONTROL align each AGS bucket to the RHIC bucket as if two gears are

cogged. The counter has the modulus of the RHIC harmonic

It is always possible to change the rf phase of the number and a reset starts counting. The cogging circuit

injecting ring to inject the mth bucket from the injecting ring controls the AGS extraction and the RHIC injection kicker

into the nth bucket of the receiving ring. A phase shift triggers according to the RHIC rf pulses. The rf phase is

equivalent to an effective delay is introduced after the phase assumed to be matched by the synchronization circuit. In the

locking of the first rf bunch of both rings: case of equal bunch spacing in both rings, the RHIC buckets
are injected sequentially. At present, the plan is for the kickers

rd-S- - ns, - IT(1) to transfer one bunch of beam at a time. Because not every

m,n,l = 1,2,3... RHIC rf bunch is to be filled with beam, a digital state
machine circuit will delay, in the case of 57 bunches, 6 if

where sij and s,, are the bunch spacings of the injecting and pulses after each kick, so that the kicker trigger sequence will

the receiving rings and T,,, is the period of the injecting ring. be at the I st, 7th, 13th... etc. of the RHIC if pulses. In the case

I is an integer to keep the delay within one revolution period that the RHIC bunch number is 114, its bunch spacing is half

of the injecting ring. that of the AGS. Only every other RHIC rf bucket will be

In reality, it is advantageous to minimize rf phase shift cogged to the AGS bucket. To minimize phase shift operations,

operations as the adiabatic phase change requirement slows the odd numbered RHIC beam buckets will be filled first. The
injection kickers in this scheme can only kick one bucket into

*This work was funded by the U.S. Department of Energy. the RHIC --- otherwise the already injected beam in the RHIC
can be kicked out. The kicker trigger sequence controlled by
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the state machine will therefore be the Ist, 7th,...13th, etc. of The following is the basic longitudinal equations describing

the RHIC rf pulses --- corresponding to the Ist, 3rd .... and particle motions:
113th RHIC beam bunches. The AGS rf phase is then changed
to match the even numbered RHIC beam bunches and the _ sin
kickers will be triggered at the sequence of the 2nd, 4th.... and dt C
114th RHIC bunches. d.- 2 n(hf - f)(2)dt

RHIC rf buckets t f Y2 , p p

where C is the ring circumference, f the beam revolution
I I frequency, h the harmonic number of the ring, f, the rf

ACS rf buckets t frequency, 0 the vectored if phase the beam sees and V the

vectored rf peak voltages of the ring. Q and p are the charge

and momentum of the beam at the velocity of y and y, is the
I I I I I transition y of the ring.

From the above we can map the traditional
AGS rf buckets shifted by 3 RHIC rf pulses t longitudinal phase space into a space where the energy axis is

replaced by the fundamental revolution frequency f in a ring
and the horizontal axis consists of the rf phase the beam sees.

Fig.2 Rf bucket relation between the RHIC and the AGS. Each In this coordinate system, we have, for a stationary bucket"':

pulse is an rf bucket. In the RHIC, beam is injected into every (3)
6th bucket (solid fill) during the 57 bunch operation and into hAf,, :2f(
both the solid filled and the stripe filled buckets in the 114
bunch operation. To inject the stripe-filled RHIC bucket, the
AGS is phase shifted three RHIC rf pulses. where Af,, is the half height of an rf bucket in terms of beam

revolution frequency and f5 the beam synchrotron oscillation

Note that triggering the kickers according to the RHIC frequency at the harmonic h.
rf pulses is only a necessary condition. A sufficient condition The above result shows that, in terms of beam

must also include the AGS rf phase being matched to the frequency, the half height of a stationary bucket is just twice
RHIC rf phase and the AGS beam being ready for extraction. the synchrotron oscillation frequency!
Thus the signal from the state machine, the phase lock ok Thus a linear phase shift in T, which corresponds to

signal and the AGS beam ready signal (labeled as the "arm" a shift of rf frequency by 8f=(l/2t)A0/T, will move a

input in Fig.I) should be coincidenced to trigger the kickers. synchronous particle in the bucket by:
Once a trigger to the kickers is sent, the state machine
advances to the state corresponding to the next RHIC bunch. __ (4)
Finally, some delay adjustment is needed to take the beam 6f_ I T

TOF and signal transmission time into account. 2f, 27r 2f.

III. RF PHASE MATCH So for a phase shift of 2nt, the percentage error caused
by a linear phase shift is simply (I/2)(T/T) of the total bucket,

The RHIC if frequency is 6 times that of the AGS where T,-l/f,. To control the energy error within 5 percent of

frequency so a divide-by-6 circuit is used to bring the RHIC the bucket height, for example, the linear phase shift needs to

if frequency down to be phase compared to the AGS if last 10 synchrotron oscillation periods.
frequency. down eror signal psein rated ad dves aGS p e Once the beam is shaken out of the center of the

frequency. The error signal is integrated and drives a phase bucket, it starts undamped synchrotron oscillation. Should the

In the case of 114 RHIC bunches, the difference in oscillation be fairly linear, when the phase shift is stopped

sin two rings makes it necessary to switch from after an integer number of oscillations, the energy error will

bunch spacings in two injes t necessary bunch disappear and so will the oscillation. Particular care should beeven-numbered RHIC bunch injection to odd-numbered bunch taken to avoid a phase shift that lasts half integer synchrotron
injection. A pulse removing circuit removes three RHIC rf tknt vi hs hf htlsshl nee ycrto

pulses to insure the phase lock as shown in Fig.2 to flip periods, such as 0.5, 1.5, 2.5 times T,, as this will double the

plese toe isuathes. poscillation amplitude and the oscillation will persist when the
between the states.

A question of concern is how fast the phase locking phase shift is over.
The longitudinal oscillation problem can be effectively

process can take place. Accompanying rf phase shifting, there tbe feedback. Thebfee bac lo effectively

always is a frequency shift which causes a bucket energy error.
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introduces a damping term for the oscillation and automatically ring from the designed 19/4 circumference ratio with respect
shifts the rf phase adiabatically, to the .ýjS due to construction tolerances. Let's estimate the

Fig.3 is a beam phase feedback loop that is nested in effect of such errors on the injection process. Denote 4/19 of
a larger radial feedback loop to be implemented for the RHIC. the RHIC circumference to be C, which is the supposed AGS
The reference signal actually comes from the beam ri I circumference, and f the beam revolution frequency in the
sensor. For simplicity we won't go into details about its AGS. We have:
behavior in this paper. C a- P (9)

From radial 2_ f2
feedback f 8f f

k, tl+ s) which leads to:

-AC = f (10)
C f

The circumference error thus results in a reduction of
Fig.3 The beam feedback loop nested in the beam radial the AGS momentum acceptance:
feedback system. In this loop. 4, is obtained from the beam
radial feedback and serves as a reference signal. ý is the beam p I (11)
phase. D, is the transfer function of an error amplifier that P '1 f 17 C
converts the phase error to the VCO control voltage. k,, is the
gain of the VCO. The cavity's delay constant is rT. The beam's We hope that the deviation of the designed
phase change in response to a frequency change of the cavity circumference ratio is small so that the AGS will have as large
is B,. a momentum aperture as possible. If the deviation results in

unacceptable momentum aperture loss, the bending field of the
We let the products of all the parts determined by AGS can be varied. This, however, will change the particle

electronics be K and the response of the system in s domain is revolution frequency in the AGS. The rf frequency ratio will
just: be more complicated between the two rings. Modern frequency

synthesis technologies, fortunately, are able to lock two
4 KB (5) frequencies with any rational ratios steadily. The additional

1 +KB# concern will be only to choose the appropriate time periods to
make the beam transfer as the phase difference between the
two rings is a function of time.

Since B, is simply the particles' undamped small
phase motion in response to a sudden frequency or energy IV. ACKNOWLEDGEMENTS
change of the bucket:
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The first power s term in the denominator shows that
there could be damping. By adjusting the constant K we can
change the beam response as desired.

An important concern is the deviation of the RHIC
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Commissioning and Performance of the ESRF
Project Team,

European Synchrotron Radiation Facility, Grenoble, France
Presented by J.L. Laclare

Abstract
The ESRF (European Synchrotron Radiation Facility) is a 0 Phase 2 is to cover the remaining 4 1/2 years with the

fundamental research institute based in Grenoble, France. completion of the experimental facility, 30 beamlines in
Construction of the ESRF source [11, 121, 13] started in 1988 as a total, by December 98.
joint project of 12 European countries (Belgium, Denmark,
Finland, France, Germany, Italy, Netherlands, Norway, Spain, The means provided to meet these objectives were as
Sweden, Switzerland, United Kingdom). The facility consists of follows:
a 200 MeV electron linear accelerator, a 6 GeV fast cycling
booster synchrotron and a 6 GeV low emittance storage ring 0 2,2 GFF in Phase 1
optimized to produce high brilliance X-rays from insertion 0 1,6 GFF in Phase 2
devices. The project is now well advanced. The electron linac 0 and a total staff of 450 people.
delivered its first beam in May 1991 and reached design
performance in the I ps pulse operation during the following one This paper reflects the status of the ESRF in May 1993.
month commissioning period. Commissioning of the booster
started in September 1991, with the operational energy of 6 GeV II. REVIEW OF THE SPECIFICATIONS AND
being reached in November 1991. Storage Ring commissioning ASSOCIATED TECHNICAL OPTIONS
began in February 1992, and progress was extremely fast and
promising since, less than 4 months later, the target intensity of The institute is built around a synchrotron radiation
100 mA in the multibunch mode was reached. In July 1992 the source. It consists of:
first undulator was operated without any effect on the beam and
the machine diagnostics beamline was run at the full nominal 0 an 850 m long Storage Ring for 6 GeV electrons or positrons
current with a record brilliance in the 1017 range. The focusing 0 a 300 m long 6 GeV booster synchrotron functioning at 10 Hz
of X-rays using a bent crystal has also been carried out to a 0 a linac preinjector.
record-breaking level for the spot size (22.7 g.im). Components of
three user beamlines have already been tested with beam and The source had to fulfill a series of detailed target
several more beamlines will be built and commissioned in 1993. specifications.
The first external users for routine operation are expected for the
beginning of 1994. I Priority was given to insertion devices.

I. INTRODUCTION II High flexibility of the lattice at the ID location.
The ESRF was created as a private company under III Brilliance from undulators in the range of 1018 to

French law following the signature of an international 1019 photons/sec/mm 2/mrad 2/0.I% bandwidth.
convention on December 16th 1988 by 12 European countries IV In particular brilliance larger than 1. 1018 in the
(France, Germany, Italy, United Kingdom, Spain, Denmark, fundamental of an undulator at 14.4 keV.
Finland, Norway, Sweden, Belgium, Netherlands, Switzerland). V Bending magnet sources at 10 and 20 keV

The main objectives were set as follows : To design, VI Stability of the X-ray beam greater than one tenth
construct, operate and develop a synchrotron radiation source of the rms dimensions.
and associated instruments for the use of the scientific VII Beam lifetime longer than 8 hours.
community of the contracting parties. These objectives had to
be met within a certain time schedule. The international These could only be satisfied by adopting a storage ring
convention covers a period of 1 years split into 2 phases: lattice with a high periodicity, 32 periods, with a 6 m long

straight section in every period. We opted for an expended
0 Phase I or construction phase covers the first 6 1/2 years, Chasman-Green lattice.

ending with the completion of the commissioning of the first In Figure 1, the optical functions are shown. The straight
set of at least 7 beamlines in June 1994. An important sections which accommodate the Insertion Devices are equipped
intermediate milestone was to be the reaching of the source with triplets at both ends.
design goal performances by July 1993.
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Figure I C. Storage Ring
Optical Functions Energy 6 GeV

Current (Multi Bunch Mode) > 100 mA
P(in) .Current (Single Bunch Mode) > 5 mA

SFilling time 0.2 / 6 min
se-/e+ Multi Bunch Mode)
Filling time 0.9 /20 min

(.e-/e+ Single Bunch Mode)
Circumference 844 m

2. Radio Frequency 352 MHz
25.00 - Horizontal beam emittance 6.2 10-9 nt m x

tad

20.00 Vertical beam emittance < 6.2 10-10 7t m
______________________x xrad

Natural rms Bunch Length 6 mm
S0 -- - - Maximum number of 29

Insertion Devices

0..00Free length of straight sections 6 m
/N° of Bending Magnet Ports 26 at 10 - 20 keV

We have adopted an energy of 6 GeV, a
s. 000 current of 100 mA, a lattice which can be tuned to

obtain emittances in the few nanometer range : 6.2
0.0000 10-9 7t m rad horizontally, a sma!l fraction of that,

0. 000 10. 200 30.00 o4000 so.00 10% for instance, in the vertical plane; a minimum
Insertion device gap of 20 mm.

The essential target specification is expressed in terms of Our choice could appear a little conservative when

brilliance of undulator beams in the fundamental of the photon compared to our competitors, the APS and Spring 8. Both of

energy spectrum. To obtain such performances, one has to them have based their project on higher energy, higher current

combine in an optimal way: and smaller gap.

0 the energy of the stored beam, A few of the target specifications required the adoption of

0 its intensity, unconventional techniques. This is the case for beam position

0 the smallest achievable emittance, stability and reproducibility.
0 the gap, the field and the period of the Insertion Beam sizes at source points
Devices. Beam sizes __tsourcepoints

The resulting main acce'erator parameters adopted for the Bending High Beta Low Beta
ESRF are summarized in Figure 2 Magnet Source

Px (m) 2.2 26.6 0.8
Figure 2 O3z (m) 26.8 11.3 3.5

A. Preinjector 200 MeV e- / 400 McV e+ Tx (mm) 0.16 0.41 0.069
r z (mm) 0.129 0.084 0.047

SRepetition rate 10 Hz ax' (mrad) 0.137 0.015 0.089
L Pulse Length l(X)) - 2 ns Iaz' (mrad) 0.005 0.007 0.013

Electron Current 25 - 25(X) mA Combined with beta values ranging between 0.8 and 27,
Positron Current 0.12- 12 mA the target emittances lead to rms beam sizes at source points

B. Synchrotron injector significantly smaller than 100 gim vertically, a few hundreds 4im

B.__Synchrotroninjector_ horizontally. The unit for angles is the grad.

Repetition rate (10 Hz The storage ring optics is hypersensitive to orbit

Energy 6 GeV distortion and therefore to magnetic errors and alignment. To

Circumference 300 m work well, the closed orbit has to be perfect within the 0.1 mm

Emittance at 6 GeV 1.2 10-7 t in x rad range in rms.
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Obviously we had to implement a series of unusual Figure 3
measures to combat this machine's hypersensitivity to Brilliance from ESRF light source
imperfections and limit beam center of mass displacements to
the specified 1V10 of the beam size, that is to say a few 4m. Long 1o020

term settlement is treated by means of the Hydrostatic Leveling ('rudamentQl.

System (HLS) detectors sensitive to variations of altitude in the 0 a X0(l - 8.0 55 3.5 73\ (3rd hannorcl

gam range. The HLS [41 is a series of pots filled with liquid and 10 a 8.0
interconnected by pipes. On the top of each pot a capacitive 5.

sensor detects the level of the liquid in the pot. These detectors 35

constitute the input to a system of remotely controlled jacks 9 2.3

equipping every girder of the quadrupoles and sextupoles. The " 0 w0l.erhoushrizontality of the machine can be restored within a couple of "e S~• • •1'•=-I5 T. K - 34

hours.to
For periods of about one day, the machine and the 14

experimental equipment are very sensitive to temperature 5 8

variations. A temperature change of VC over I m of steel, which 10 Sending Mgnet:
is the typical hei ht of a support, gives an expansion of 1 4.m. ES.

The 300 000 m§ of the Experimental Hall are stabilized to 0o GeV.mo
within + 10, and the interior of the storage ring tunnel to better is" ......
than ± 0.50. We permanently record the temperature of the "."10 . .. o0
interior of the tunnel with one probe every 5 meters. There is no photon en•rW tkeV
rigid connection of pipes or cables to the ground or to the
magnet supports. Needless to say that ramping the SR magnetic
field with the constraint, after the refill, of having to get back to With the third generation of synchrotron radiation
the original position within a pm is excluded. Therefore we have machines like the ESRF, the brilliance has been increased by 11
a full energy injector which has to be turned off during photon orders of magnitude when compared to the X-ray tube sources
beam service to avoid any vibration at 10 Hz. available in the 60s.

Over short periods of time, vibrations from magnets
transmitted via their supports and the ground constitute the main III. STATUS OF PROGRESS OF THE
source of instabilities. We are also permanently recording and SOURCE
fighting these vibrations. Every insertion device is surrounded Hereafter the status of progress of the source as per May
by feedback systems which use X-ray beam position monitors to 1993 is given. The construction phase started in January 1988
feed correctors which act locally on the stored particle beam and the construction of the first technical buildings started in
position. January 1990.

Our undulators are made of permanent magnets with
longitudinal periods ranging between 8 and 2.3 cm. The full I11.1 Pre-Injector
range between 0.1 and 15 keV can be covered on the Fourteen months later, in February 91, the pre-injector
fundamental with a minimum gap of 2 cm. The brilliance building was placed at our disposal. The installation of the linac
reaches the several 1018 (see Figure 3). took a couple of months. This linac is based on a conventional

The power density from Insertion Devices is extremely (non-Sled) gradient of 17 MV/m. The buncher tank is followed
high. It can reach about 1.5 kW per mm 2 for the most powerful by two 6 m long cavities, each of them producing a 100 MV
undulators at 10m from the source point. In case of beam mis- acceleration. In June 91, the linac had achieved its target
steering, the storage ring can behave like a welding machine that performances in the long pulse mode.
would take 20 ms to drill a hole in the vacuum vessel. The Table 2
power density from a standard wiggler is about one third of that June 1991

of an undulator, although the total power in the 10 kW range is Commissioning of the Linac in the long pulse mode

higher. However, the spectrum is white and therefore the Energy 200MeV
brilliance is 3 to 4 orders of magnitude below that of undulators. e n 200 Me

To make our unavoidable dipole sources attractive, at the Current 25 mA
request of our potential users we have designed the magnet in Pulse Length I ls
such a way so that the fringing field has a flat intermediate step Momentum spread ± 1 %
at 0.4T, half of the full field value, 0.8T. Transverse emittances 0.5 10-6 ,x
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111.2 Booster Injector go any further, we need to replace our X-ray beam absorbers
The installation of the booster started in March 91. The made of standard OFHC copper by the more heatload resistant

300m long machine was completely installed by the end of July, glidcop absorbers. This work will be completed by the end of the
that is to say less than 5 months after. After 4 months of year and will allow a current of up to 200 mA.
commissioning from September to December 1991, the booster In the uniform multibunch mode of filling, strong coupled
reached its nominal performances. bunch instabilities can develop. Transversally, we have to face a

Table 3 resistive wall instability that can be damped by increasing the
September-December 1991 chromaticity. However, the more Insertion Device narrow gap

Commissioning of the Booster chambers we install, the more we increase the impedance and
the stronger the required chromaticity to damp the beam, with

Energy 6 GeV the consequence that the unwanted non linear effects eat up the
Repetition Frequency 10 Hz remaining dynamic aperture more and more. The uniform
Accelerated current peak 5 mA multibunch mode can also excite longitudinal Higher Order
perfootance Modes in the RF cavities. However, at the present current level
Routine_____ /prao 2 mA acextracted these HOMs are not systematically excited. They can be detuned

/(1.3 The X-ray Source by careful control of the temperature in the cavities. Neither11.3The monh Sofnuarye atransverse nor longitudinal coupled bunch instabilities showused to commission the large sub-systems of the infrastructure when only one third of the circumference is filled with beam.A long lifetime is essential for the quality of service
ventilation of the experimental hall and storage ring tunnel, offerred to users. We have now accumulated some 150 A*hours.
electricity substations, large deionized water cooling units etc ... As of today, we reach a lifetime of 17 hours at 100 mA, which is
necessary to provide utilities to the Storage Ring. The front end already wi n rea ch abov e o f 8 hours a t Our objective is
parts of the photon beam lines inside the tunnel had already been already significantly above our 8 hours target. Our objective is to
installed with the view to avoiding repeated slack periods linked rac t4eousbyte end of the year.with the re-opening and closing of the roo~f. In the single bunch mode, the goal had been set rather

low at 5 mA. We now routinely achieve 10 mA by pushing the
With regards to our target specifications, progress chromaticity to high positive values. We can also apply some

accomplished on the Storage Ring commissioning has been feedbacIn that caseiwe can also 15 some
extremely fast [5]. Several working points have been explored feedback. In that case we can go beyond 15 mA with a
but for injection efficiency reasons, there is a strong tendency to temporary best performance at 20 mA. Single bunch purity is
prefer tunes just below the coupling resonance and the half essential for time of flight experiments and Mossbauer ones, for
integer. In general the closed orbit is extremely well corrected. example. By means of an RFuKO technique using a shaker and a
The corresponding rms closed orbit amplitude is 0.15 mm in scraper, we are abe to clean up all lowly populated bunches andboth the horizontal and vertical planes. reach purities in the 0-6 range.

Concernig the horizontal and vertical p . wFor high current needs, we anticipated several advantagesC oncerning the horizonta l and vertical em itta nces, w hich i u n n h a h n i h a f w ( r 1 ) e u l y s a e n
are two key parameters entering into the definition of the in running the machine with a few (8 or 16) equally spaced and
brilliance, we use several methods based on the light emitted by filled bunches. The long space between bunches makes it muchthe beam, either the X-ray light from an undulator or the visible more difficult for cross-talk to occur between them. Therefore it
light from a bending magnet. leaves less potential for coupled bunch instabilities and in anyWe also use the more simple scraper method which case the required feedback system to damp instabilities would beWe aso se te mre smpl scrpermethd wichof moderate bandwidth. Unfortunately, we systematically found
consists in reducing step by step the physical aperture left to the of moeratedbandidh Unfortun e sysea ica ly f
beam, while we measure the lifetime of the beam. The fit of the an unexpectedly high dynamic pressure and correspondingly a
measured curve leads to the value of the rms local beam size. In short lifetimc (3 to 5 hours at 100 mA). The mechanism is not
the horizontal plane we measured values between 8.2 10-9 and fully understood. However, the gap to be bridged to make the
1.3 10-8 to be compared with 6.2 10-9 mrad for the perfect few bunch mode as attractive as the multi-bunch mode in terms
machine. In the vertical plane, error bars are larger and the result of lifetime is very challenging.
depends on coupling. Experimental results range between 5.0 In June 1992 we tested the first 1.6 m long undulator10-10 and 3.4 10-9 to be compared with 6.2 !(110. We have segment with a 2 cm minimum gap in one of the straight

10-1) ad 34 1-9 t becomare wih 6. 1010-We avesections. The undulator was shooting in the direction of the
therefore obtained the small target emittances in the nanometer sectine d ndatir was sin g in he decn th erange. Machine diagnostic beam line which had been thoroughly

The second essential parameter entering into the formula equipped to perform full tests of the emitted X-ray beam. In

for brilliance is the stored current. In the multibunch mode, we particular, we installed a diamond monochromator which has

had reached our 1(X) mA target already in June. Since then, we been submitted to the full 100 mA current and which proved to

have slowly but steadily increased the current up to 135 mA. To have excellent characteristics over the full intensity range.
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The high quality of the undulator magnetic field resulted The trapping of macro particles is not presently
in a meagre 3 lgtm vertical displacement of the beam in one of the observed.Should this be the case one day (after accidental
nearby dipoles equipped with a visible light output when the gap venting for instance), we would still have resources such as
was opened and closed. Since then 5 IDs are routinely operated leaving a gap in the bunch train in reserve.
in the Storage Ring. All of them can be manipulated at will with To leave nothing to chance, we have prepared a full e+
no significant displacement of the X-ray beam in other preinjector project ready to be started. We will continue our
beamlines. To check the overall stability of the beam in actual observations and if one day the advantage of positrons becomes
experimental conditions, at low current, the photon beam was apparent, we will reconsider this option.
focused vertically down to a 20 4im FWHH spot. The stability of IV. OPERATION
the spot measured with slits centered at the edge of the spot Since the beginning of the year, we are operating the
where the slope is maximum was found to be 1 g.m rms. In other machine 50% of the time (in periods of 2 weeks on followed by
words, the natural stability of the photon beam is better than the 2 weeks of shutdown) to serve the commissioning of beam lines.
target, ie 10 % of the beam size. Excellence in operation with the target performances is our

As already mentioned, all IDs will be equipped with primary objective and results are very promising. From January
dynamic correctors to feed back the position and angle of the X- to April, we were able to really serve 91.7% of the scheduled
ray beam by acting on the electron beam. The feedback loop was 10M hours of operation time. During the periods of real service,
closed during the experiment and we saw an appreciable the beam was made available to beam lines for 92% of the time,
difference between feedback on and feedback off. The gain was the rest being used for refilling and other beam preparation.
a factor of 4 reduction of the beam center of mass amplitude. We will operate the source 3000 hours in 1993 for X-ray
Therefore, at the ESRF, the brilliance of the beam will not be production, with a plan to go to 4500 hours in 1994 and
spoilt by the instability in position of the beam center of mass. 6000 hours in 1995.
We hope to minimize the displacement to a few percent of the V. CONCLUSION
beam size. For several years, we considered the objectives of a 3rd

Up till now, four shutters have been opened to allow X- generation machine to be very challenging and were anxious as
rays through for the commissioning of beam lines. Another ten to the outcome of the commissioning of the first machine of its
shutters will be opened before the end of the year. A few type. The rapid success of the ESRF will now enable speculation
prototype experiments have already started. The goal is to place to be accelerated as to the next generation of diffraction limited
the beamlines, once commissioned, at the service of the machines. In this sense the ESRF has shown that at least one
European user community in less than one year from now. First order of magnitude more can be gained in the foreseeable future.
results are extremely encouraging. VI. REFERENCES

During the design period, it was anticipated that at design [I] JL Laclare, "Synchrotron light sources", Proceedings of the

current and emittances, only ions of mass higher than 50 could 1988 European Particle Accelerator Conference.

be trapped due to the over-focusing of the electron beam. This [21 JL Laclare, "Synchrotron radiation light sources",
lid not eat l current Proceedings of the 1990 European Particle Acceleratorddntexclude problems atlower cretduring ramping Cofeene

with very heavy particles such as (lust particles according to Aopert"Te S
expeiene fom ERN th Phton actry t KK, r sper131 A. Ropert, "The Status of the ESRF", Proceedings of the

experience from CERN, the Photon factory at KEK, or super 1992 Europear Particle Accelerator conference.
Aco in Orsay. We therefore started the machine with electrons 141 D. Roux, "The Hydrostatic Levelling System (HLS) / Servo-
and kept the option for the positron part of the preinjector open controlled precision jacks : a new generation altimetric
up till now. Given the results obtained, we conclude that it is alignment and control system", these proceedings.
obviously unnecessary to implement the e+ option in order to [51 A. Ropert, "Challenging issues during the ESRF storage ring
achieve our target performances in current lifetime, emittances commissioning", these proceedings.
and stability.
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Commissioning and Performance of the Advanced Light Source
Alan Jackson

Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

Abstract
The Advanced Light Source (ALS) at the Lawrence performance and performance limitations of the facility, and

Berkeley Laboratory is the first of the lower energy (I- to 2- describe our commissioning experiences, concentrating on the
GeV) third-generation synchrotron radiation facilities to come second phase when RF was available.
into operation. Designed with very small electron beam emit-
tances, to operate with long insertion devices to produce very II. LATTICE DESIGN
high brightness beams of synchrotron radiation in the VUV
and soft x-ray regions of the spectrum, these facilities are The ALS storage ring lattice is based on a triple-bend
complementary to the higher energy (6- to 9-GeV) facilities achromat configuration with twelve-fold symmetry. A com-
[ I I designed for harder x-radiation. From the earliest periods pact structure is achieved by including vertical focusing gradi-
of their design it was recognized that the performance of the ents in the bend magnets, using a single quadrupole family
required low-emittance lattices would be dominated by non- (QFA) to control the dispersion function, a quadrupole doublet
linear particle dynamics caused by the strong lattice sextu- family (QF and QD) to match the betatron tunes, and two
poles required for chromatic correction, the effects of undula- families of sextupoles (SF and SD) to correct the chromaticity,
tors and wigglers, and the requirement for very narrow-gap in the arrangement shown in Figure 1. Small natural emit-
vacuum vessels. Commissioning of the ALS storage ring tance (3.5 nm at the nominal energy of 1.5 GeV) is ensured
began early in 1993. In this paper we will briefly review the through the juxtaposition of low values of dispersion and hori-
main characteristics of the storage ring design, describe our zontal beta-function (and their derivatives) in the bend mag-
commissioning experiences, and review the present perfor- nets. The major lattice parameters are shown in Table 1.
mance and performance limitations of the facility.

I. INTRODUCTION •p •,--- y---L-? f) i:-

The Advanced Light Source at the Lawrence Berkeley M OF A O D
Laboratory is the first of the lower energy (I - to 2-GeV) third- or or

generation synchrotron radiation facilities to come into oper-
ation. Designed with very small electron beam emittances, to
operate with long insertion devices to produce very high a
brightness beams of synchrotron radiation in the VUV and
soft x-ray regions of the spectrum, these facilities are com-
plementary to the higher energy (6- to 9-GeV) facilities
designed for harder x-radiation. From the earliest periods of
their design it was recognized that the performance of the n -F1 i
required low-emittance lattices, which utilize relatively strong U t_. I I t_.J I I L.. U
focusing quadrupoles, would be dominated by nonlinear par- 24'

ticle dynamics caused by the powerful lattice sextupoles /N
required for chromatic correction. The dynamics are also
modified by the fields of the undulator and wiggler magnets b n g
(collectively known as insertion devices, or IDs), and their g ti
requirement for very narrow-gap vacuum vessels. However, I "
neither the IDs, nor their narrow-gap chambers, were installed [ ca

during the commissioning period reported here.
The ALS storage ring commissioning was divided into ,/.y ",

two phases: January 13 to March 15, 1993, when beam could " 02
be injected but not accelerated, and March 16 on, after the RF
system was brought into operation. Commissioning activities
were curtailed on April 30 in order to install two IDs and their .
beamlines, three bend-magnet beamlines, and a diagnostic 4 2 . 6 8 0 12 14 6

beamline. Other shutdown activities include an in-situ bake Path length (m)

and realignment of half of the storage ring girders. Figure 1.
In this paper we will briefly review the main (a) One superperiod of the ALS triple-bend achromat lattice.

characteristics of the storage ring design, outline the (b) Horizontal and vertical 8 functions and dispersion for one
chronology of the commissioning period, review the superperiod of the storage ring lattice.
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Table I IV. PERFORMANCE, LIMITATIONS, AND
Main Parameters of the ALS Storage Ring MISCELLANEOUS OBSERVATIONS

Energy (nominal) 1.5 GeV The primary performance indicators for the ALS are
(minimum) 1.0 GeV stored beam current (in single-bunch and multibunch modes),
(maximum) 1.9 GeV emittance, and beam lifetime. By the end of the commission-

Current (multibunch) 400 mA ing period 460 mA had been accumulated in a filling pattern
(single bunch) 8 mA where 240 consecutive bunches, out of 328, were filled -

Beam parameters at 1.5 GeV there did not appear to be any fundamental limit at this cur-
Natural emittance 3.5 nm rent. In single-bunch mode, a current of 27 mA was achieved,
Bunch length 3.5 mm apparently limited by a large coherent vertical oscillation. No
Energy spread 6.5xl,0 4  optimization was attempted in this mode (by tuning the

Radiation Loss/turn 91.5 keV higher-order modes in the RF cavities, for example), since this
current is already far in excess of the nominal single-bunch
current of 8 mA.

III. CHRONOLOGY OF STORAGE RING As described below, we were not instrumented to directly
observe the beam emittance. However, those lattice parame-

COMMISSIONING ters that determine the natural emittance were measured, and
Three significant dates paced the progress of commission- found to be consistent with the model. For some time at the

ing the storage ring: January 13, wthe pro personnel protec- beginning of the run, we were unwittingly operating with

tion system was brought into operation, defining the time QFA set about 5% low, leading to a natural emittance about a

when we could first bring beam into the storage ring; March factor of two greater than nominal. This is the so-called

16, when the storage ring RF system was fully activated; and "relaxed lattice" described in reference 12]. In the vertical

April 30, when commissioning was suspended in order to plane the betatron coupling was measured to be much smaller
install IDs and beamlines. Major events and achievements than expected (a few tenths of 1%); however, we observed
during these periods are shown in Table 2. vertical dispersion of around 2 cm, which will lead to a

vertical emittance between 1% and 10% of the natural
Table 2 horizontal emittance. This analysis is continuing.

Beam lifetime is consistent with elastic gas scattering
Chronology of Storage Ring Commissioning lifetime of 30 hours at I ntorr, with an aperture of 18 mm.

Date Event Note that the vacuum pressure was typically 10 ntorr at cur-
rent levels of 30 mA, the ring was not baked, the powerful

Phase I titanium sublimation pumps were not commissioned, and

Jan. 13 Persor...'l Safety System commissioned beam lifetime was improving at a rate of 2 to 3 minutes per
day due to beam conditioning! No differences were observedbetween high currents in a few bunches and the same current

Jan. 19 1-1/3 turns established in 240 bunches, indicating that the Touschek effect is not
Feb. 2 Discovered vertical scraper obscuring beam aperture significant at lifetimes of 2 to 3 hours. No effects on lifetime

due to ion trapping were observed: there were no significant
Feb. 4 Found and fixed shorted coil on quadrupole magnet, differences in lifetime for different filling patterns, and there

immediately achieving 60 turns with NO steering were no sudden losses of current after the beam was stored.

Feb. 8 DCCT commissioned, observed 1.5 mA injected Accumulation rate is a secondary performance indicator.
beam The injection efficiency was optimized at 65% (1.5 mA per

Main problems during this period: booster dipole power supply shot in the storage ring from a circulating current of 6 mA in
failure; continuing failure of SR quad power supplies due to low the booster). We expect to improve on the efficiency after the
water flow (all flow restrictors eventually removed); fast kicker shutdown, with a better corrected horizontal orbit. Also, the
magnet failures; SR bend magnet power supply failures (two); injection rate will increase with improved booster current (to
BPM system fault, requiring replacement of 200 PLA's. 15 mA), expected as a result of implementing the beam-load-
Phase II ing-compensation scheme in the linac.

Mar. 16 RF system commissioned, 6 mA accumulated in 4
bunches V. INSTRUMENTATION

Mar. 24 65 mA accumulated in 240 bunches (DOE Project The full complement of storage ring instrumentation was
Plan Technical Baseline) not available during this commissioning period. In particular,

Apr. 9 407 mA in multibunch mode (c.f. 400 mA project the synchrotron light monitor, transverse kickers, and re-
goal) motely adjustable scrapers were not installed, somewhat limit-

Apr. 15 27 mA in a single bunch (c.f. 8 mA project goal) ing the scope of measurements that could be made. These

Apr. 30 Beam lifetime 92 minutes (from 100 mA to 37 mA) capabilities will be added during the current shutdown.
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Figure 2. Change in horizontal closed orbit resulting from one corrector. Arrow marks the position of the corrector.

What were operational were the 96 beam position moni- "Leakage" from the local bump was measured at less than
tors (BPMs), each capable of providing turn-by-turn intensity 10%, again limited by the accuracy of the measurement. By
and position signals, or more accurate time-averaged data, and taking difference orbits as a function of RF frequency, it was
three sets of higher fidelity button monitors (the LEP buttons), possible to measure the dispersion function. Figure 3 shows a
used with spectrum analyzers for fractional longitudinal and typical result. The first analysis of such data suggested that
transverse tune measurements. The data from the BPMs could the QFA family of magnets were miscalibrated by a factor of
be analyzed on line with the ALS control system, or stored for 5%. The power supply calibration was checked and indeed
further off-line analysis. Example are shown below, found to be in error by 5.5%! Dispersion was also "driven" by

frequency modulating the RF, which permitted real-time tun-
VI. MEASUREMENT TECHNIQUES AND ing to minimize dispersion in the straight sections.

RESULTS

Between March 16 and April 30, we accumulated a large 9ls1PC1. o-11
le~m. ! i'llO~dO-MU 0'-13-1993

amount of data. Some of this data, particularly that used to
compare the real machine to our model, was analyzed in real
time. However, a significant amount of analysis remains to be
done, especially of data on instabilities and nonlinear dynam-
ics. In this section we outline the scope of the studies
undertaken, and present a summary of the results of our
analyses to date.

A. Closed-Orbit Distortions

Closed orbits were measured by taking BPM data in the Storage ring circumference
more accurate averaging mode. Absolute measurements of
the orbits were used in conjunction with a local-bump, closed- Figure 3. Dispersion function created by taking difference
orbit-correction algorithm to successfully adjust the vertical orbits at difference
orbit. An uncorrected orbit with peak-to-peak variations of 12
mm was reduced to one with an RMS displacement of less
than 0.5 mm (see also reference [3]). This same technique
was not as successful in the horizontal plane for reasons not Betatron tunes could only be measured because of the
yet understood. By taking difference orbits it was possible to residual oscillations arising from the imbalance of the
construct the full sensitivity matrix for the storage ring, i.e., injection bump magnets (amounting to about I mm, in the
the effect of each corrector magnet on the beam position all horizontal plane only), or from the small oscillations set up by
around the machine. An example of one such difference orbit transverse instabilities. An attempt was made to drive oscill-
is shown in Figure 2. By analyzing the data from homologous ations through powering the LEP buttons with an amplified
magnets in each sector we could quickly establish the excel- tracking generator signal. This was partially successful in the
lent periodicity of the lattice (<10% variation, corresponding horizontal plane (where good data already exists!), but not
to the accuracy of the measurement). successful in the vertical plane. Tunes were measured through

The same technique was also applied to empirically con- either the spectrum analyzers, or more often by Fourier analy-
struct localized distortions across a straight section in order sis of the turn-by-turn data from the 96 BPMs. Despite this
(eventually) to steer ID radiation down user beamlines. inconvenience, a huge amount of data was taken. Variation of
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tunes as a function of quadrupole and bend magnet settings the orbit harmonics were in good correspondence to the
has been used to calibrate the storage ring model, to measure aliased longitudinal higher-order modes in the accelerating
transverse coupling, and to measure and correct the chroma- cavities (see reference [4]). In single-bunch mode, the longi-
ticity. After chromatic correction the data is good enough to tudinal damping system, being developed jointly with SLAC,
show the nonlinear chromaticity, which agrees well with our was tested and successfully damped a deliberately driven
model predictions. A typical set of data, showing the vari- oscillation to less than 10. Measurements of the width of the
ation of betatron tunes through a coupling resonance, is shown synchrotron side-bands gave an upper limit to the bunch
in Figure 4, the data indicate an emittance coupling ratio of length of 8 mm, or 27 ps FWHM. Single-bunch currents up to
less than 1%. Also, nonlinear tune shifts were measured by 27 mA were accumulated.
exciting different betatron oscillation amplitudes at injection. Measurements were also taken on the effects of the newly

injected beam (with large betatron oscillations), on the already
stored beam, to compare with models recently developed in
collaboration with SLAC ... analysis is in progress.

VII. SUMMARY

M 1Commissioning the ALS storage ring was undertaken in
two periods. The first, with no RF acceleration available, was

406- extremely useful in debugging the instrumentation and con-
trols, making the hardware reliable, checking the efficacy of
the environmental shielding, and making preliminary mea-

N surements on injection and the computer model. The second
phase lasted less than seven weeks, in which time all the pro-

- •ject goals at 1.5 GeV were met, and a huge amount of data
S• was taken towards understanding the parameters of the storage

ring. During the months through July 1993, the IDs and
U /beamlines will be installed in preparation for establishing the

L ALS as a full user facility.
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Figure 4. Tune scans as a function of QFA current, con-
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STATUS of BESSY II *
a High Brilliance Synchrotron Light Source in the VUV to XUV Range

D.Krimer for the BESSY II design team"
BESSY mbH, Lentseallee 100, D-1000 Berlin 33, Germany

Abstract

The approval of the BESSY H project marked the start of
the construction of the first third generation synchrotron
light source in Germany. BESSY H, designed for low
emittance (e = 6 . 10-'radm) and the incorporation of
a large number of insertion devices (IDs) is expected to
deliver VUV to XUV radiation with a brilliance in excess
of 10'sphwtows/(sec mm2 

. mrad2 . 0.1%bandwidth) , the
photon energies ranging from 10 to 2000 eV from unduls-
torn and wigglers. Photon spectra with a critical energy
of 11.5 keV will be generated in the 6 T field of a super-
conducting wavelength shifter (WLS) which is planned to
be installed in one of the 14 straight sections available for
insertion devices. The decision to build BESSY U1 at a new
site at Berlin Adlershof gave the challenge for a complete
redesign of the storage ring without the severe boundaries
comparo% to earlier proposals [1], with respect to require-
ments and practicabilities of constructing an accelerator
complex mid in the center of West-Berlin.

1. Introduction
Figure 1: Layout of the BESSY H synchrotron and storage

On July 7.' 1992 a new third generation synchrotron light ring. The diameter of the ezperimental hall will be 120 m.
source was approved by the German Ministry of Research
and Technology. This date marked the start for con-
struction of the high brilliance synchrotron light source 2. The accelerator
BESSY 11 to be located at the area of the former Academy
of Science of the GDR at Berlin-Adlershof. BESSY II The accelerator complex BESSY H consists of three major
is optimized to accommodate up to 14 insertion devices components:
providing radiation in the VUV to soft X-ray range us- . a 50 MeV racetrack microtron as pre-injector,
ing undulators and wigglers as well as standard bending a a full energy 10 Hs booster synchrotron and
magnets. A large number of user groups from physics and . a storage ring capable to run at energies from 0.9 to 1.9
astrophysics, life science, chemistry, material science and GeV.
catalytics, surface science and radiation metrology will use Figure I gives a plan view on the 120 m diameter experi-
the new facility. Industrial applications especially deep mental hall with the storage ring and the injectors in the
X-ray lithography for micromechanics will benefit consid- center. In table 1 the basic parameters of the injectors are
erably from the new radiation source thus demonstrating listed.
the wide potential of synchrotron radiation in fundamental As the new site for BESSY 11 offers significant advan-
and applied research. tages compared to former proposals with respect to spacial

and technical boundaries a complete redesign for the stor-
age ring has been done [2]. The result is a 2 times 8-fold

-Fundedby BnUT and Land Berlin Double Bend Achromat (DBA) structure with good emit-
"'W. Anders, J. Behrdt, B. Bauda, T. Becker, K. Blrkmann, W. tance and large dynamic aperture. A quadrupole douplett

Braun, W. Dih., V. D~rr, G.v. Eo..-Arleg, W. Gericke, A. at every second straight section enables high beta values in
Gaupp, W. Gudat, Ch. Geyer, M.v. Hartrott, E. Jaeehke, S. Kham, this straight whereas triplett focussing allows for a small
D. Krimer, B. Kuaka, P. Kuke, M. Martin, R. Mfiller, K. Ott, W. horizontal beta function of less than I m. The DBA struc-
Peatmam, H. Pra•ge, J. Rahn, D. Richter, M. Scheer, F. Seuf, T.
Schneesans, U. Strinisch, L. Snuis, E. Weihreter, G. W-istele ture is very compact with a large texibility of its 9 families
Th. Wewtphsl of quadrupoles and 6 families of sextupoles. In table 2 the
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Figure 2: Section of the storage ring. The straight sections on both sides of the achromat will accomodate Undulaters
and Wigglers. Sychrotron Radiation beamlines are indicated.

main parameters of the storage ring are summarised. Fig- 3. The insertion devices
ure 2 gives a view on the achromat with the long straights.

The IDs planned for BESSY II are ranging from perma-

Table 1: Basic Parameters of the BESSY Injectors nent magnet undulators U140 - U30 to a 6 T wavelength
shifter. There are 32 bending magnets generating syn-

Racetrack Mikrotron chrotron radiation of characteristic photon energy of 2.5
keV at nominal beam energy. Beam lines emerging from

Nominal energy 50 MeV the dipoles can be set up with a max. length of 42.5 m.
Energy spread 42- 10- Space is available on the site to install super long beam
Max. current 25 mA lines (more than hundred meters). Table 3 gives a list of
Emittance 2.10 T radm the IDM planned for operation in BESSY 11.
Repetition frequency 10 Hs

Max. pulse duration 1 1A

Synchrotron

Injection energy 50 MeV Table 2: Genera Parameters of the Storage Ring
Extraction energy 1.9 GeV
Extracted current 3 mA Energy range 0.9 - 1.9 GeV
Emittance at extraction 1.4. 10- radm Circumference 240 m
Natural energy spread ±5.5.10-4 Number of cells 16
Lattice structure FODO Natural emittance 6.1 . 10-vadm
Number of cells 16 Momentum compaction 7.5 .10-4

Circumference 96 m Structure 8. (S1, -Si)

Harmonic number 160 Si = FDBDFFDBDFD
Repetition frequency 10 Hs Max. hor. beta function 17.2 m

Min. hor. beta function 0.384 m
The storage ring will have 16 long straight sections of which Max. vert. beta function 20.5 m
14 are used for insertion devices . Half of the straight Min. vert. beta function 2.44 m
sections will have a useable length of 4.708 m while the Max. dispersion function 0.415 m
others are of 3.888 m length. 'High' beta functions are Nom. current multi bunch operation 100 mA
foreseen in the long straights: A. = 16.2 m, P, =3.1 m to Rf frequency 500 MHS
accomodate undulators whereas the short straights with Beam lifetime 10 h
'low' beta functions of A. = 0.93 m and 0, = 2.1 m are Usable length of straight sections:
reserved for high field wigglers and superconducting wave- 'high' beta section 4.708 m
length shifters to minime their impact on the beam. 'low' beta section 3.888 m
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Table 3: List of Insertion Devices of BESSY II

ID name U-140 U-100 U-52 U-30 W-100 WLS
Period Ao (mm) 140 100 52 30 100
Number of periods 32 40 80 110 40
Length (in) 4.48 4.0 4.16 3.3 4.0 1.0
Magnetic gap (mm) 24 24 24 12 24
Vacuum gap (mm) 20 20 20 10 20
K,.. (NeFeB) 6.5 4.7 2.5 1.6 9.7
1"' Harmonic (eV) 9 - 174 23 - 244 128 - 469 401 - 813
K Region 6.5 - 0.5 4.7 - 0.5 2.5 - 0.5 1.6 - 0.5
2"d Harmonic (eV) 130 - 261 183- 366 352- 704 802 - 1220
K Region 2.0- 1.0 2.0- 1.0 2.0- 1.0 1.6- 1.0
3'4 Harmonic (eV) 143 - 392 200 - 549 384 - 1056 1204 - 1830
K Region 2.5- 1.0 2.5- 1.0 2.5- 1.0 1.6- 1.0
Bo (T) 0.5 0.5 0.461 0.594 1.04 6
pO (in) 11.3 11.3 12.3 9.5 5.4
Charact. Energy (eV) 961 961 886 1142 1995 11532
Radiated power (W) 203 185 202 197 789
,dP W
do Twad

2  144 182 368 554 376
Lin. tune shift (•) 1.39. 10-3 1.24. 10-3 1.09. 10-3 1.44.10-a 5.36- 10-3
p__ _ _p'

Noulin. tune shift (11-) 1.40 2.44 7.99 31.6 10.6
.A2L = i-

For the first phase of operation 6 undulators and wig- U-30
glers and at least one wavelength shifter will be available.
6 beamlines will be prepared for experiments. Furthermore 10 U-52
8 dipole beamlines will be setup equipped with monochro-
mators. Figure 3 gives the brilliance for the insertion de- u-1oo
vices under construction in comparison to the present 0.8 17

GeV BESSY I synchrotron radiation source. 10
•U-140

4. Status of the project W-100

After approval by the Federal Ministry of Research and io" I/U

Technology and the Senate of Berlin preparations for civil j
engineering are under way to start with the building in
march 1994. According to the time schedule prototyping 10
is in preparation to fit to the comissioning of the booster 8 a T WLS
planned for June 1996 and start the storage ring commis- B£SS¥ I! 1.? GeV
sioning in summer 1997 in order to deliver first synchrotron Z 1.7 GeV
radiation from an undulator before 1998. 10,4
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Abstract 0.3-1.2T). Finally, energy is extracted from the coherently
bunched beam in the radiator (84 periods, 1.80cm, 0.54T),

A three stage superconducting (SC) undulator for a high where radiation will be amplified exponentially. The last
gain harmonic generation (HGE) FEL experiment in the part of the radiator will be tapered. A schematic diagram
infrared is under construction at the NSLS in collaboration of the harmonic generation experiment is shown in Fig.l.
with Grumman Corporation. A novel undulator technol- The undulator design allows implemention of several fea-
ogy suitable for short period (6-40mm) undulators will be tures which are essential for single pass high power FEL
employed for all three stages, the modulator, the disper- amplifiers at shorter wavelenghts such as 1) high magnetic
sive section and the radiator. The undulator triples the field on axis at short periods, 2) convenient K-tuning, 3)
frequency of a 10.4,rm CO2 seed laser. So far a 27 pe- adjustable dispersion, 4) adjustable field taper, 5) two-
riod (one third of the final radiator) prototype radiator plane focusing and 5) field amplitude errors at or below
has been designed, built and tested. the state of the art 0.2 - 0.3% rms as machined which is

needed to minimize electron beam trajectory walk-off.

1 Introduction

Short period undulators for Free Electron Laser (FEL) ap- 2 Basic Undulator Design
plications offer the advantage of producing shorter wave- The basic design of an undulator section magnet has been
length radiation with a given electron energy. The design discussed elsewhere for a 0.88cm period planar undulator
and theory of the seeded single pass harmonic generation (3]. Here we use the same approach. It is based on preci-

JV-FEL has been described elsewhere [1]. As a proof-of- sion machining a sequence of poles and grooves on a bar
principle a harmonic generation FEL experiment in the
infrared has been designed (21 to be carried out at the ac- as manufactued, withoutitrming or shim o 0d1-

celerator test facility (ATF) at BNL. The fully constructed vidual undulator elements requires machining tolerances

mndulator for this experiment consists of three stages, tale within 10pjm for the periodicity and the gap spacing. The
modulator, the dispersive section and the radiator, all su- design can easily be modified for different undulator ge-
perconiucting. The radiator is tuned to the third har- ometries, namely the periodicity and the pole shape geom-
monic of the modulator. We plan to amplify the third etry. Basically the same design is used for the modulator,
harmonic of a i 0bem COm laser with a 30MeV high bright- the dispersive section and the radiator. The coils are con-
ness electron beam from a laser-photocathode rf gun in-tioslwuninevrlayswthmtilaear
jected into a 50-100MeV S-band linac. The modulator (12 tinuously wound in several layers with multifilamentary'

jeced ntoa 5-10MeVS-bnd ina. Te mdultor(12 NbTi conductor on the machined form of an undulator
periods, 2.60cm, 0.8IT) causes an energy modulation in secon macm l ong on agnets for

the lecronbeam Ths eergymodlatd bem gts pa-section magnet. Two 25.2cm long section magnets for thethe electron beam. This energy modulated beam gets spa- HGE radiator are shown in Fig.2. The poles are parabol-

tially bunched in the tunable dispersive section (12cm long, ically shaped to provide focusing in the wiggle plane [4r.

"Work performed under the auspices of the U.S. Department of The full gap in the center is 8.0mm and the curved pole
Energy geometry is truncated into a flat pole at z = ±3.0mm and
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a 6.0mm full gap to accommodate microstriplines later on.
The full length undulator is made up of discrete magnet

sections shown in Fig.2. The magnet sections are assem- I .'-'E In . ".

bled end-to-end but otherwise continuous over the entire iI

length both for the modulator (2 sections, each 15.60cm 577... .
long) and the radiator (6 sections, each 25.20cm long).
There are no axial drift spaces other than those between 1 _-___

the dispersive section and the modulator and the radia- I IE L
tor respectively. This situation avoids the tuning of drift
spaces to match the phase angle. Electron beam steer- L Pj 5F- 1
ing coils (providing a field integral of 300G-cm and 10OG- {•L

cm for horizontal and vertical steering respectively) are
mounted outside the beam pipe and are spaced with an _ _ __ __--__ _

even number of poles in regular intervals to control the
electron beam walk-off to within ±40Am (2/10 th of the Figure 3: Magnet power for the three undulator stages.
beam radius). The field taper in the radiator is done with the power sup-

The magnetic field of the radiator is quadratically ta- plies PSD - PSH.
pered. The taper can be approximated in six flat steps
without a compromise in the FEL power performance. zontal cryostat. The magnet structure is of the cold bore,
The taper profile will be adjustable through 'bleed-off' cur- cold yoke type and is cooled by pool boiling helium at
rents in the six tapered sections using the power supplies
PSD - PS1 shown in Fig.3. The entrance and exit of each 4.4K. The position of the undulator magnet relative to a
undulator stage as well as the five field taper transitions straight line remerence can be controlled with an adjustablehave a binomfial current excitation pattern, which satisfies suspension system after cooldown. Electron beam diagnos-

tics from stripline monitors is available at the entrance and
the nonsteering condition [5]. Field clamps at the undula- exit of the cold mass assembly.
tor ends are used to control the fringe fields.

A non-magnetic steel (nitronic 40) fixture provides suffi-
cient clamping of the section magnets shown against a gap 3 Experimental Results
defining precision "spacer". After the full-length assembly
of the cold mass it will be inserted into a 2.50mn long hori- So far our work has concentrated on the performance of

a 0.5m long prototype radiator undulator (27 periods).
, '.Proven features include a suitable conductor, the field level

" •.',••i T J o• on axis, the field profile, the field quality and the related
./_ -. i AM Lmachining tolerances. The magnetic measurements and

, .additional results are discussed in [6].
,.I FIELD ON AXIS: Quench stability limits the high-

est possible current in a SC magnet. We tested radia-
e.1U•it~ O HP,.,, tor sections with two different conductors (conductor I:

3,.. Cu/SC=1.3:1, conductor II: Cu/SC=2.4:1). The quench

HIGH GAIN HARMONIC GFNERATION FXPERIMENT current for the HGE radiator sections shown in Fig.2 was
Iq = 200 ± 5A and Iq = 170 ± 3A for conductor I and
It respectively. Both results agree within 5% with predic-

Figure 1: Schematic diagram of the HOE experiment. tions from the load curve analysis which uses measured
"short sample" critical data. The field on axis (full gap
g(x=0)=8.0mm, A. =18.0mm) as a function of current (for
conductor II) is shown in Fig.4. The HGE design field is
0.54T. At 150A (10% below I.) the field on axis is 0.72T.
For comparison, the field for a Nd-Fe-B hybrid undulator
would be 0.46T (Halbach formula). In Fig.4 the excita-

tion data for parabolic shaped poles are compared to 2D
POISSON calculations where a flat pole approximation at
a 8.0mm full gap has been used.

"FIELD PROFILE For the proper matching of the mag-
netic field at the undulators ends the non-steering current
excitation pattern 1:3:4 is used [5]. The same pattern is

Figure 2: Two 25.2cm long SC undulator magnets for the used for the mixing of the current? I,, and ],,+, at the ta-
HGE radiator. The period is 1.80cm. per transitions n=1-5. The taper currents ID - IH will be
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adjusted for a 10% quadratic field taper. saturation, Fig.4), the trajectory remains within ±20m
[6]. No trimming fields or shimming corrections have been

-,cX'. pý=3cp'ý8 , p•cr;d 18,Omm applied. This result is obtained although 10% of the iron

'- poles have been identified with machining errors in the pole
D ,A:A --,ed poleegeometry ) width a factor 6-7 beyond the required mechanical toler-
s5O. 26 fiat pole awox. ance of 10fim. These large errors are understood and haveJ abeen removed in the machining of new sections.

0 0-• I ~ ~OQo~••-

3'^0C0 C- 3 Second Field Intecral
Ea

301 -100

'E -200
50 ,00 150 200

currenI .[A]

Figure 4: Excitation curve for the HGE radiator. The -300

operating field is 0.54T. The quench current is 170A (con-
ductor I) and 200A (conductor II).

0 10 20 30 40 50 63 70

For horizontal focusing the iron poles are parabolically position [cm]

shaped. The half gap dependence is y(a) = 4.0CmM (1 -
ax 2) with a=0.028 for -3mm < x < 3mm and y=3.Omm Figure 6: Beam trajectory from magnetic measurements

elsewhere (z is the beam axis, y is normal to the x-z (1=50A) of a 27 period radiator undulator.

wiggle plane). The measured transverse field profile is
By=(z) Bo - (1 + b z 2 ) where b=0.021 at low currents In a second step a 27 period prototype radiator (two sec-
(Fig.5). This value decreases by about 17% at the oper- tions) has been tested. Now the trajectory for a 30MeV
ating current (I=90A). This change with saturation is in beam wanders ±35/um (Fig.6). The deflection in the cen-
agreement with 3D TOSCA calculations. The truncation ter is probably due to the identified machining error of
of the pole curvature to a 6mm full gap in the flat pole re- the half poles at the joint combined with a clamping er-
gion limits the transverse field increase. TOSCA predicts ror between both sections beyond the 10oLm gap tolerance.
that for equal natural x and y undulator focusing the pole The rms peak field variations for the first (second) section
curvature should be a=0.033. The cold measurements are was 0.22% (0.29%) (poles with large identified machining
done using a multiple Hall-probe setup which is calibrated errors not included). The steering coils to control the elec-
in-situ with a pair of Helmholtz coils [6]. tron beam to within ±401m are conservatively designed.

The basic magnetic unit for the HGE undulator has been
45 -- --, ... . -- developed. As machined this SC undulator technology pro-

Tros.vorsr. Fi eld ProFilI vides the field performance needed for high power single
pass FEL applications. It allows complex multi-stage un-

dulators with cw operation. Important parameters can
conveniently be changed during operation.

-55
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Abstract diagnostic systems and NIST undulator (soft X-ray source).
A I GeV electron storage ring dedicated for UV-VUV Construction of the storage ring and linac-injector started

FEL operation is under construction at the Duke University in 1992. Magnetic measurements (excitation curves and 2-D
Free Electron Laser Laboratory. The UV-VUV FEL project, maps) of all magnets in their real environment was performed
based on the collaboration of the Duke FEL Laboratory and before installation using an eleven element Hall probe array
Budker Institute for Nuclear Physics is described. [2]. The overall accuracy of these measurements was better

The main parameters of the DFELL storage ring, of the then 0.01%.
OK-4 optical klystron, and the experimental set-up are At present, all storage ring magnets and 80% of the
presented. The parameters of UV-VUV FEL are given and the vacuum chambers and other hardware have been installed. A
possible future upgrades to this system are discussed. vacuum of (0.6-6)E-10 torr was achieved in the ring. The 178

MHz RF cavity [31 (64th harmonic of revolution frequency),
I. INTRODUCTION manufactured in Novosibirsk, passed high power tests and has

been installed on the Duke storage in a shielded cave. The RF
In April 1992, Duke University Free Electron Laser system, including RF cavity, circulator and transmitter should

Laboratory and Budker Institute of Nuclear Physics signed a be commissioned by Fall 1993.
Memorandum of Understanding on collaborative efforts in The 280 MeV injector comprising a microwave electron
FEL research. As the first step in this collaboration, the OK-4 gun [41, eleven SLAC accelerator sections fed by three S-band
optical klystron system, including the magnetic system and its klystrons, and low and high energy spectrometers is now under
power supplies, vacuum system, optical cavity system and construction. The commissioning of the linac and linac-to-ring
diagnostic system will be transferred to Duke FELL for UV- transport channel is scheduled for the end of 1993. The energy
VUV FEL experiments on the Duke storage ring. of the linac will be extended to 1 GeV in 1994 by increasing

The layout of the Duke/OK-4 UV-VUV FEL is shown the number of accelerator sections to 28 and number of
in Figure 1.

- ____"______________-.______ )/INJECTION LINE

NORTH STRAIGHT SECTION

S-- - 3421.00- m - . . . . . .C' - --

i38.4149212 4.0cm

REAR BEACRER E
MIRROR UNDULATOR 35 CM UNDULATOR MRO

SOUTH STRAIGHT SECTION ro4

C/4 26 865 14 6 C/4 - 26865 M

(ORBIT CIRCUMFERENCE. C =107.46 U)

Figure 1. Layout of the Duke/OK-4 UV-VUV storage ring FEL.

A. Status of the Duke storage ring. klystrons to eight. A fast chopper installed after the

The Duke FEL electron storage ring is designed to drive microwave gun will form short (-5 nsec) electron bunch trains
UV and soft X-ray FELs. One of the two 34-meter straight to fill individual (from a possible 64) electron buckets in the
sections is dedicated for FEL installation. The other straight ring. Electrons from the linac will be injected into the storage
section is used for injection, installation of the RF cavity, ring through a vertical chicane and 9-degree septum magnet

[5]. Three 200 nsec ferrite kickers [6] will be used for storing

the beam.
* Work supported by AFOSR grant #90-0112. The initial performance of the ring will be limited by the
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temporary crotch vacuum chambers installed at the ends of the 3 storage ring bypass. This scientific program will be finished
arcs. These crotches will be replaced in 1994 by permanent in 1993.

"RF-smooth" vacuum chambers with ports for FEL, NIST Table II. Main Parameters of OK-4 magnetic system
undulator and synchrotron radiation equipped with absorbers
capable of operation with (1-2)A average beam current. Total length [m] 7.8

The description of the Duke storage ring with combined Undulator
quadrupole and sextupole magnets in the arcs, modified second Length [ml 3.40
order achromat lattice of the arc canceling second order Period [m] 0.10
geometrical aberration, etc., can be found elsewhere [5,7,81. Peak magnetic field [kGs] (0.0-5.8)

Extensive studies of the Duke storage ring dynamic Undulator parameter, K (0.0-5.42)
aperture [7] have shown that the dynamic aperture of low Tuning range (Xmax/kmin) 15.67
emittance FODO lattice exceeds the physical aperture of the Buncher
ring. A ±5% energy acceptance, extraordinarily large for Length [m] 0.34
strong-focusing storage rings, has been verified. The main Magnetic field [kGs] (0-12)
parameters of the Duke storage ring are summarized in Table I.

Table L Main Parameters of Duke Storage Ring Following these experiments, the magnetic and optical
-------- ... ........ systems of the OK-4 optical klystron will be moved to Duke

Operation energy [GeV] 0.25 - 1.0 for the first FEL experiments using the DFELL storage ring.

Ring circumference [m] 107.46 II. DUKE/OK-4 UV-VUV FEL
Arc and straight section length [m] 19.52; 34.21
Revolution frequency [MHz] 2.7898 The tuning range (X vs wavelength) of the fundamental
RF frequency [MHz] 178.547 harmonic wavelength of the OK-4 FEL is shown in Figure 2.
Number of dipoles and quadrupoles 40; 64 The parameters of the electron beam are very critical for
Betatron tunes, Qx and Qy 9.111, 4.180 performance of a short wavelength FEL. The most important
Orbit compaction factor, a 0.0086 Duke storage ring electron beam parameters are given below:
Natural chromaticities, Cx and Cy -10.0, -9.78 6 6

Compensated values, Cx and Cy +0.1; +0.1 s . .. ..
Acceptances [mmn mrad], Ax and Ay 56., 16.

S.. ..... . . . .. .. . . . .!. .. . . . . .. . .•. ........ ...... 4 . .. . .

Energy acceptance, AE/E, the ring >±5.0% 4 .......... ......... . 4
limited by existing RF ±2.8%

Maximum P-functions [m), x and y 13.6, 21.3
Maximum Ti-function [ml] 0.245 .....

2ii e y e i t n F_2 8 ....... .... . ...... . ....... ....... ........... .. ......... ... ....

Commissioning of the storage ring is scheduled to begin 1
in early 1994. The commissioning lattice [8] is optimized for 0 ./.11. YRU. _ i .. .
the OK-4 FEL magnetic system to facilitate the start of the 0 50 100 150 200 250 300 350 400

first FEL experiments. WaveLength, nm

B. Status of the OK-4 optical klystron. Figure 2. OK-4 tuning range for 0.65, 0.75 and 1 GeV.

Table III. Parameters of electron beam at I GeV energy

The OK-4 was the first operational UV FEL [10,111 ---..............-.......--.......--

demonstrating lasing down to 240 nm. It still holds the short Average beam current, A 0.1 (1.0*)
wavelength record for FELs. Peak current, A 80-130 (350*)

The OK-4 magnetic system is comprised of two 3.5 Emittances [mm mrad], ex and Cy 0.018; <0.0018
meter electromagnetic undulators [9] and a buncher (3-pole (0.009; .0045*)
compensated wiggler) located between them. The use of a Relative energy spread (low current) 0.0005
buncher distinguishes optical klystrons from conventional at peak current of 130 A 0.0016
FELs and permits the optimization of longitudinal dispersion Bunch length, cm, (low current) 1.15
for higher gain and, as a result, the enhancement of the gain at peak current of 130 A 3.7
by a factor 5-20. Beam size in OK-4 [mm], ox and ay 0.27; 0.085

The OK-4 magnetic system has very high performance. -----...................................................----------------- ---

The direct magnetic measurements and experimental results *final specification of the ring.
achieved with the OK-4 in Novosibirsk have shown the
practically perfect performance of this system. The main At I GeV energy, the beam emittance will be practically

parameters of the OK-4 magnetic system are listed in Table II. natural. Intrabeam scattering will affect only the electron beam

The OK-4 optical klystron has been employed for a lifetime (down to 30-45 minutes with 350 A peak current).
number of recent FF`1L experiments on the Novosibirsk VEPP- Maximum achievable peak current will be limited by the
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impedance of the vacuum chambers, which have RF-smooth In a storage ring driven FEL only the average lasing
connections and transitions, power is limited. Thus, we can redistribute the lasing power

The 3-D OK-4 gain curve at the modest average current using gain modulation [10] to produce giant pulses with
of 100 mA in the Duke ring is shown in Figure 3. Finite gigawatt levels of peak power and 50-100 Hz repetition rate.
electron beam emittance and energy spread are taken into These techniques were tested both in Novosibirsk [11] and
account. The finite emittance is responsible for gain drop in Orsay and results are accurately predictable. A typical giant
the short wavelength range. pulse simulation result for OK-4/DUKE FEL at 200 nm is

OK-4/Duke Storage Ring shown in Figure 5.
Beam current 100 mA The other parameter of OK-4/DUKE UV-VUV FEL are

60 . . . . . presented in Table IV.0 . .. .. . . . .. . ..... . . . . . . .... . . . . ., . . .... . . .. . .... . . . ... . . . .. . .

Table IV. Parameters OK-4/DUKE UV-VUV FEL

06

S 0 ........... .................. ................ ................ ................-................ T uning range, nm 50-400
Linewidth, &JX: natural (1-3) 10-4

2 with linewidth narrowing [14] (5-30) 10-7
0 o0 ................. . .s................. .................................................. M ic pulse duration, psec 5-30

"- . Micropulse separation, nsec 358.45
50 100 150 200 250 300 350 Spatial distribution TEMoo

Wavelength, nm

Figure 3. OK-4 gain vs wavelength - solid curve. 111. FUTURE UP-GRADES
Dashed curve - lasing threshold gain (adopted from [12]).

The expected OK-4 average CW lasing power for lOOmA Possible future up-grades of the Duke storage ring will

and 1A average current are plotted in Figure.4. The high include:

energy acceptance of the ring is very essential, because under i. full scale (27 meter long) high gain soft X-ray FEL;

these conditions the energy spread (excited by lasing) can reach i". advanced 3 cavity RF-system (64 and 256 harmonics);

1%. The energy acceptance of ± 5% will provide an acceptable iii. lower impedance vacuum chambers;
lifetime. These conditions can occur in the UV range where iv. lower emittance optics.

low loss mirrors are available. The lattice for a 27 meter long FEL has been designed

In the VUV range average lasing power will be limited [8]. First results with a 26 meter undulator have shown good

by gain degradation due to electron beam heating (even with dynamic aperture.

eintend to use in this range). The distributed optical klystron and phase-shift amplifier
the multifacet mirrors [13] we iwith 20-40 dB gain are under study as candidates for future up-

GK-4 on the Duke storage ring grades. The lasing range with these devices can be extended
down to 10-20 rnm.

.-- Lower emittance lattices (from 9 to 3 nm-rad) as well as
-electron beam conditioning are under consideration for further

,100 ....... .!ý-i ................. i ................ ................................. ............. wavelength shortening down to the "water window".
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Abstract alternating operation of both facilities.
We propose an r&d facility aimed at the development of

We describe the use of the SLAC linac to drive a linac-driven, short wavelength x-ray lasers, and their sci-
unique, powerful, short wavelength Linac Coherent Light entific and technological utilization. The first laser would
Source (LCLS). Operating as an FEL, lasing would be start operation at a wavelength around 10 nm or longer
"achieved in a single pass of a high peak current electron and then reach the 3 nm region. With more extensive rkd,
beam through a long undulator by self-amplified sponta- along with the use of higher energy electrons and addition-
neous emission (SASE). The main components are a high- al undulators, and with improvement in the performance
brightness rf photocathode electron gun; pulse compres- of certain components such as the if photocathode gun, it
sors; about 1/5 of the SLAC linac; and a long undulator is expected that the facility could achieve (with additional
with a FODO quadrupole focussing system. Using elec- funding) a laser functioning at even shorter wavelengths,
trons below 8 GeV, the system would operate at wave- possibly in the 0.1 nm region.
lengths down to about 3 nm, producing Ž10 GW peak The LCLS photon beams emerge into the SLAC research
power in sub-ps pulses. At a 120 Hz rate the average pow- yard, about 125 m from SSRL beam lines on SPEAR.
er is ý4 W. Thus, once the LCLS facility is operational, it is possible

I. INTRODUCTION to bring a beam from it and SPEAR to the same sample
chamber, for pump/probe experiments for example.Two recent developments have opened the possibility to The proposed LCLS operates on the principle of the

construct linac-based x-ray lasers operating at short wave- FEL, but does not require an optical cavity which is diffi-
lengths, down to 2 nm and eventually as low as 0.1 Am. cult or impossible to make at such short wavelengths. In-
The first is the development, at Los Alamos and elsewhere, stead, x-ray laser operation is achieved by Self-Amplified-
of rf photocathode electron guns which can now deliverlow mittnce 3-4mm-mad nrmalzedSpontaneous-Emission (SASE) in a single pass of an elec-low emittance (3-4 mm-mrad normalized emittance), high to emtruha5-0I ogudltr
charge (>1Ceetotron beam through a 50-60 m long undulator.ren (at SLAC, as part of the SLC second is the develop- Although SASE theory is well developed, there is, tomentat SLC spr fteSCproject, of the tools and
understanding associated with the transport, acceleration date, little experimental data with which to compare it

since most FELs have used oscillator cavities. It is there-
and compression of electron bunches without dilution of fore important to make detailed comparisons between ex-
phase space density. These developments make it possible periment and theory, for example to verify the accuracy
to deliver electron beams with the required phase space and wavelength dependence of simulation codes and as-
density to drive short wavelength lasers.

The main components of the short wavelength LCLS sumptions about startup from noise We plan to do this
we have studied are (1) a high brightness, rf photocathode initially at wavelengths around 10 am or longer. At these
electron gun, (2) 7 sectors of linac, (3) beam transport and wavelengths certain tolerances are more manageable. Asexperience is gained and tighter tolerances met, operation
compressor systems, (4) beam diagnostics and controls, (5) down to about 3 aum can be expected, still using electrons
a long undulator (50-75 m), (6) an enclosure to house the below the 10 GeV that will be available in the proposed
undulator, (7) electron beam dump, (8) mirror station, facility. The characteristics of the light produced by the
(9) a photon beam line and two diagnostic/experimental LCLS at 4 y. are projected to be:
stations and (10) a building to house these stations.

In addition to the existing linac, an enclosure to house Peak Coherent Power (GW) -: 10
the undulator exists at the end of the SLAC linac. This Pulse Repetition Rate (Hz) 120
is the Final Focus Test Beam (FFTB) housing completed Pulse Width (1 sigma - fs) <160
in early 1993 for r&d associated with final focus systems Photons/pulse -> 1014
for future linear colliders. There is ample room in this Energy/pulse (mJ) 3
enclosure for the LCLS undulator. After a slight upgrade, Bandwidth (1 sigma) 0.1-0.2%
the FFTB enclosure would provide adequate shielding for Peak Brightness " > 1031

*Supported in part by the Department of Energy, Office of Basic Average Brightness " > 1021
Ener•y Sciences and High Energy and Nuclear Physics and Depart- * photons/(s,mm2,mrad2) within 0.1% bandwidth
ment of Energy Contract DE-AC03-76SF0015.

PRESENTED AT ThE PARTICLE ACCELERATOR CONFERENCE (PAC 93), WASHINGTON, DC, MAY 17-20, 1993
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LCLS Schematic Overview

The average values of brightness and coherent power are The operating parameters chosen provide relative insen-
about 3 orders of magnitude greater than projected for 3rd sitivity to beam current and emittance fluctuations. By
generation light sources such as the ALS and the peak val- running to saturation, variations in the output radiation
ues are about 9 orders of magnitude higher. Photon beams due to changes in the beam parameters are minimized.
with this extraordinarily high brightness, coherence and The requirements on the uncorrelated energy spread of the
peak power will make possible a wide range of experimental beam are tight (<0.04% rms) and are determined primarily
studies in many scientific and technical fields including x- by the desire to maintain a narrow bandwidth and maxi-
ray imaging of biological specimens in and around the "wa- mum gain. Energy spreads twice as large as specified do
ter window" (including producing x-ray holograms of live not seriously degrade the (single frequency) performance.
biological specimens in a single sub-picosecond pulse); time This, along with the high power (brightness) of the optical
resolved studies of condensed matter systems and chemical pulse, suggests that filtering could be used to narrow the
reaction dynamics; and non-linear processes. Because the line width.
properties of this light source go many orders of magnitude According to the simulations (using a random walk), the
beyond that available from any other source in operation or wiggler field errors required are small (<0.2% rms) but
construction, it is likely that entirely new scientific appli- within state of the art. Steering and alignment require-
cations will be opened up. Exploratory experiments will ments are also tight (30 sms rms), yet less stringent than
be carried out on two diagnostic/experimental stations. required for many future linear collider designs.
With two experiments able to receive pulses, techniques
will be developed for the rapid switching of the beam, as III. TECHNICAL COMPONENTS
well as rapid changing of beam parameters such as wave-
length and intensity to meet different experimental needs. A. RF Photocathode Gun
An FY 1996 Short Form Construction Project Data Sheet We have studied the design of an rf photocathode gun
has been submitted to DOE for this project. The total which can produce the beam characteristics required for
estimated cost is $29.45M. reliable operation of the LCLS. The dynamics of the photo-

electron beam have been modelled using both PARMELA,
II. SIMULATIONS and an axisymmetric particle-in-cell code, ITACA. These

simulations show that a one nC, 10 MeV electron beam can
Extensive numerical studies have been performed using be produced in a 3+1/2 cell, 2.856 GHs structure, which

(primarily) the FRED3D and TDA3D codes. In agreement has a pulse length of 2 psec and a normalized rms emit-
with simple models, the simulations predict that the LCLS tance of 3 mm-mrad. The major challenge in designing this
can provide in excess of 10 GW of peak power in a sub- source concerns reproducibility of the beam properties. In
picosecond pulse. The saturation length is about 60 m particular, due to wake-fields in the transport, it is critical
with strong focusing provided throughout the undulator. that the jitter in the total charge per pulse and the injec-
The system gain, its optimization and tolerance to beam tion timing be minimized [2]. We believe that a solution
parameter changes, wiggler errors and misalignments have to these problems exists based on choice of a rugged cath-
been studied.(1] ode material and a commercial diode-pumped laser system
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with timing stabilization [31. for the LCLS (water window) insertion device: 1) peri-
od = 8 cm; 2) peak field amplitude = 0.8 T; 3) K = 6;

B. Transport, Acceleration & Compression 4) total length = 60 m; 5) focussing betatron wavelength
The bunch produced by the LCLS photo-injector must = 60 m. Design work has concentrated on a pure per-

be accelerated and length compressed before injection into manent magnet undulator structure with a superimposed
the undulator. In the present scheme the bunch is accel- focussing (FODO) field lattice generated by 40 cm long
erated from 10 MeV to about 7 GeV using three linear 15 T/m quadrupoles placed at 80cm intervals. To facil-
accelerators separated by two compressors[2]. The final itate orbit and phase correction, beam position monitors
bunch length is about 0.05 mm (FWHM) (over a factor of are spaced at 1.6 m intervals, with corrector coils locat-
10 smaller than that produced by the photocathode gun) ed every 3.2 m. Work on a short prototype section is in
yielding a peak current of 2500 to 3500 A. The final energy progress to help resolve selected engineering, magnet tol-
spread is less than 0.2 % (rms). erance, and field measurement issues.

The choices of energies at which to compress are influ-
enced by the need to 1) control longitudinal wakefields for D. Beam Lines &4 Eiperimentsl Stations [16
energy spread minimization, 2) minimize emittance growth Due to the extreme brevity and peak intensity of
from transverse forces, and 3) reduce the effects of time- the LCLS output radiation, special emphasis has been
phase jitter as well as beam intensity jitter from the injec- placed on the design of the beam line system. To mini-
tor and in the compression process. mize the likelihood of sustaining damage at the expected

The first compression is performed at 70 MeV where the 1012 W/cm2 normal-incidence power densities, a deflec-
bunch length is reduced from 0.5 mm to 0.2 mm (rms). The tion scheme utilizing solid-state mirrors at grazing inci-
second compression is near 2 GeV and reduces the length dence has been developed [6]. Furthermore, the necessity
to about 0.05 mm (FWHM). To study the development of maintaining high reflectivity to avoid peak-power dam-
of longitudinal phase space in this process, a computer age leads to the need for an ultra-high vacuum environment
program is used which considers the effects of longitudinal with provisions for in situ cleaning of all the reflecting sur-
wakefields, curvature of the RF wave, and phase and inten- faces. To exploit the diffraction-limited source size of the
sity jitter. The second compression is made to deliberate- LCLS, the use of a simple monochromator configuration
ly over-compress the bunch length beyond the 0.003 mm utilizing a single grating in a conical diffraction geometry,
(rms) minimum. This over-compression and acceleration with the source as the effective entrance slit, is under con-
from 2 to 7 GeV allows approximate cancellation of up- sideration.
stream errors with downstream errors, thus providing sig-
nificantly relaxed timing and intensity jitter tolerances of IV. ACKNOWLEDGEMENTS
the injector and accelerator RF. Bunch intensity fluctua-
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Abstract When a photon collides with a free electron, its energy
The Vanderbilt University Free-Electron Laser Program is and direction change to conserve energy and momentum.

developing the capability to create near-monochromatic X-rays When the electron is relativistic, and the photon has a low
for medical purposes. For this experiment we feed-back the energy, or XL >> Ac = h / mc = 2.42 x 10-' 2m, where
normal infrared FEL light to collide with the electron beam.
This causes Compton backscattering of the incident photons kc is the Compton wavelength and 4L the wavelength of
which creates X-rays. These X-rays cannot feed a X-ray laser, the incident photon, the wavelength of the scattered
but they have a collimated intensity and tunability which will photon( ks) is given by the formula:
make them highly suitable for medical imaging and therapy.
This paper reviews the present design of the experiment and 22 2
focuses on the X-ray beam transport to be used. This As 40 L(1+Y )/4Y, (i)
transport must re-direct the X-ray beam to match a beam chase
located in the vault ceiling at an angle of 40 degrees with
respect to the electron beam axis. A description of the where is the angle through which the electron is
creation mechanism, X-Ray and electron beam properties are scattered and r is the Lorentz factor. For an infrared photon

included. with a 2 lim wavelength scattered in the backward direction
(= 0) by a 43 MeV electron, the wavelength of the

I. INTRODUCTION scattered photon is 0.7•. This corresponds to an X-ray with
an energy of 17.6 keV. The intense monochromatic FEL

Tunable near-monochromatic X-ray beams will be infrared beam will be the light source for this experiment.
produced by the Vanderbilt Free Electron Laser (FEL) in the Since this beam is very monochromatic, when combined with
near future. A team of physicians and scientists has been the monoenergetic FEL electron beam, the X-rays produced by
formed to complete this project for imaging and treatment of Compton scattering are quite monochromatic, especially when
breast cancer. Near-monochromatic X-rays between 14 and 18 compared with conventional X-ray sources.
keV offer the greatest potential for lowering radiation dose to
the breast, while boosting the signal-to-noise in the beam that 220-
passes through. As the project progresses, additional research
directions will be added. This could include other types of - 18-
medical imaging and treatment along with various topics
presently associated with synchrotron radiation research. I f -"

A test stand has been created using a conventional C
mammography X-ray unit to investigate the various transport U -14

components during the development and assembly stages of 4
the project. Initially this stand is being used to measure $.
reflectance of the mosaic crystals discussed later in this paper. 0 12

The Vanderbilt University FEL, built by Sierra Laser
Systems, is fairly compact and lases in the mid-infrared from •" 10-"
-2 to 8 pmi I]. The operator computer is a Apple Macintosh r "
II-ci running National Instruments LabVIEW 2 software. The X 8 -"_r-r--r -T _
electron beam is produced by an -43 MeV, 2.856 GHz rf 0 4 8 12 16 20
traveling-wave linac. This beam is created in an rf electron
gun with a LaB6 cathode. The wiggler is a 2.3 cm period, Lab Angle (mrad)
Halbach type, hybrid design, using permanent magnets with Figure 1. X-Ray Photon Energy Distribution as a
steel pole pieces. There are 208 SmCo permanent magnets Function of Angle.
used in the wiggler. Further details of the accelerator, wiggler,
and laser performance have been published elsewhere[2J. The electron and the infrared beams will both be focused

to create a 40 gm diameter interaction zone. The created X-ray
II. THE COMPTON X-RAY PROJECT beam will have a specific topology and bandwidth due to the

electron beam's energy spread and emittance, and the photon
A. X-ray Creation beam's divergence (Figure I). The central ray and off-axis rays

will have a finite bandwidth. The off-axis rays will have
decreasing average energy with increasing angle. Bandwidth

* Supported by the ONR, contract no. N 00014-91-C-0109. considerations along with transport restrictions will define a
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"usable" containment angle of the beam. Interaction presently implemented incorporates broad-band mosaic crystals
calculations, with a beam emittance of 4r mm . mrad and to deflect the X-ray beam after creation.
an energy spread of 0.5% indicate that the Compton scattering B. Mosaic Crystals
should yield -3.0 x 108 photons/sec in a 10 mrad full angle Crystals with a relatively large mosaic spread can reflect a
cone. The bandwidth for this X-ray beam is approximately range of different X-ray energies. This broadening of the
20% with a central maximum energy of 17.6 keV. By crystal bandwidth includes a reduction in the maximum
changing the photon wavelength and/or electron beam energy reflection efficiency. When compared to a conventional X-ray
the central maximum can be tuned down to 14.5 keV.theancentral maximum canobe tuned downctora4.5axeVum source our system is very monochromatic, but compared to an
Enhancements of the FEL could bring the central maximum X-ray spectroscopist's needs, it is very broad band. Using the

energy onabove0 k deV t iBragg condition for X-ray reflection from a crystal, we
Additionally, Vanderbilt is developing a "Cerenkov-light" identified a few potential crystals to transport the X-ray beampumped free-electron laser resonator using our existing through the 400 bend. Of the possible choices, LiF and

electron accelerator operating at reduced energy[3]. It will be graphite seem ed the bsca ida e cho ives the
coninuusl tuabl bewee 20 an 50miconsin he ar-graphite seemed the best candidates. Sparks[6] gives the

continuously tunable between 200 and 50 microns in the far- relative efficiencies of these reflections.
infrared. If this beam is used to create another Compton From his data it can be concluded that while the LiF may
source it could operate in the range from 100-400a. This type be very efficient in its near perfect crystalline form, it suffers
of source could have many applications for additional research. greatly when modified to allow for a large mosaic spread. The

B. Applications -0.4' mosaic graphite however should accept most of the 10
The creation of a powerful, tunable, near-monochromatic mrad divergence cone along with -1 keV in energy spreadThurce creatiomeno oerfl tunabswllhe, near-monochmatc (-6% bandwidth which is more than 40% of the photon

source of medium energy X-rays will herald a new and nme hw nFgr )adrfeti ih2-0

exceptionally diverse generation of diagnostic medical imaging number shown in Figure 1) and reflect it with 25-50%

techniques, as well as creating new therapeutic possibilities, efficiency. For our present experiments photon quantity is

In diagnostic radiology, higher keV radiation is associated with more important than a narrow bandwidth. The graphite
the pdiagn tion rdoofynusableanVradiationablasociatted w mosaic crystals indicate a greater total photon flux delivered atthe production of unusable and objectionable scattered -6 % energy bandwidth. Four crystals in first order can bend

radiation. Photons of lower energy may add little to the ra w energ ie to. keV to th lbratory.

diagnostic information obtained, but contribute heavily to the X-rays with energies up to 20.5 keV to the laboratory.

radiation dose to the patient. If it is possible to select C. Four Crystalsin First Order
radiation of optimal energy for the specific procedure, while Sequential reflections from four mosaic graphite crystals
eliminating those X-rays of higher and lower energy, can be used to transport the X-ray beam to the laboratory.radiologists and other scientists can significantly enhance their With a single reflection efficiency of 0.25-0.5 the total
ability to perform very high contrast/low dose imaging. This efficiency within the bandwidth and divergence acceptance
could also assist in accomplishing in vivo trace element should be between 0.004-0.063. By moving the crystals out
analysis and achieve 3-D X-ray imaging. An optimized of the plane defined by the electron beam axis and the PVC
system for breast imaging using monochromatic radiationsuch as that described here may reduce entrance exposure to the pipe axis, lower energy X-rays can be deflected through the
suheasthyat dsctribed her mr to 4 . same angles allowing the beam to have a parallel, energybreast by a factor of 9 to 46[41. independent, fixed transverse position in the PVC pipe. The

III. THE X-RAY TRANSPORT beam vectors and crystal normal vectors are easily defined for
each energy. This was done with Mathematica and the
parameter space of the various crystal positions was explored.The use of the Compton X-ray facility at the Vanderbilt For each position and energy a different set of orientation

FEL is complicated by the design of the FEL building. TheFoeahpstnadeeryaifrntetfoinainvectors and coordinate positions and z positions was generated.
FEL is located in an accelerator vault beneath the laboratory
level. In order to make near line-of-sight access between the D. The X-Ray Interaction Zone And Transport
two levels, a 12" PVC pipe was included within the 6 feet of The X-ray experimental setup is shown in Figure 2. This
concrete shielding. This pipe is oriented at an angle of -40 figure is from the mechanical assembly drawings of the
Degrees in both 0 and T directions of a spherical coordinate modified electron beam-line. Shown in Figure 2 is the
system with z being the electron beam axis and x being beam electron chicane, the IR transport and the crystals of the X-ray
left. Provision must be made to aim the X-rays up the pipe transport. The IR beam is brought within anti-coincidence
and into the laboratory. with the pre-chicane electron beam using a thin beryllium

mirror. The IR and electron beams are focussed to a small
A. Redirecting the Electron Beam spot at the interaction zone. The created X-rays pass through

The original design for bringing the X-rays into the the beryllium mirror and a beryllium vacuum window with
laboratory was to re-direct the electron beam along an alternate >80% transmission and onto the mosaic crystal beam
beamline and aim the electrons up the pipe[Si. The infrared transport. The electron beam is deflected before reaching the
beam would then be aimed in the down-pipe direction from mirror. Each of the four crystals has its orientation and
within the vault. After the interaction, the electrons would be position controlled by a goniometric stage as shown in figure
re-deflected before reaching the pipe and transported to the 3. These stages allow orientation of a normal vector from a
beam dump at the end of the vault. This design was point on the front surface of the crystal through a solid angle
abandoned due to the extreme complexity of the alternate of 40' by 60'. Coupled with a 25 mm linear stage, each
beamline along with safety considerations. The design being crystal can be placed to allow transport through the 400 bend.
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Figure 2. The Compton experiment assembly. This interaction zone and electron Chicane will be inserted into the present
electron beamline. The system includes transports for the infrared, X-ray and electron beams.

in a 10 mrad full angle cone. The bandwidth for this X-ray
beam is approximately 20% and should be initially tunable
between 14.5-17.6 keV.

The four crystal transport system will accommodate X-
rays from 14.5 keV to 20.5 keV with approximately 6%
energy bandwidth. With reflectivities between 0.25-0.5 in
first order, 4 crystals would transmit 0.004-0.063.
Characterization of individual and paired crystals will be
accomplished on the test-stand. This beam transport is being
readied for insertion into the accelerator vault.

An optimized system for breast imaging using
monochromatic radiation such as that described here may
reduce entrance exposure to the breast by a factor of 9 to 46
times. Funding searches have been initiated to form this
experiment into a compact hospital-sized instrument.

V. REFERENCES

[1] P. A. Tompkins, et.al., "Initial Operation of the
Vanderbilt Free Electron Laser," Proc of the 1991
IEEE Particle Accelerator Conf., Apr 91, 1115.

[2] Perry. A. Tompkins, et.al., "The Vanderbilt
University Free-Electron Laser X-Ray Facility,"

Figure 3. Each crystal will be controlled by a motion SPIE Proceedings 1736, 72, 1992.
control goiniometer combining a 25mm linear stage, an [31 J. E. Walsh and J. B. Murphy, J. Quant. Electron.
angular shim, two angular stages and a crystal holder. The QE-18, 1259 (1982).
system is set to allow orthogonal orientation of the crystal. [4] Carroll F.E., et.al., "Near-Monochromatic X-ray

Beams Produced by the Free Electron Laser and
IV. CONCLUSIONS Compton Backscatter," Invest Radiol, 25, 1990, 465.

[51 W. D. Andrews, et.al., "Development of the
Tunable near-monochromatic X-ray beams will be Vanderbilt Compton X-Ray Facility," NIM, Section

produced by the Vanderbilt FEL in 1993. Interaction A, A318, 189-196, 1992.
calculations, with an electron beam emittance of [6) Cullie J. Sparks, Jr., "Mosaic Crystals for Obtaining
41r mm mrad and an energy spread of 0.5% indicate that Larger Energy Bands and High Intensities from

the Compton scattering should yield -3.0 x 108 photons/sec Synchrotron Radiation Sources," SSRL Report No.
78/04, May 1978.

1450



Observations of Effects of Ion Accumulation
in the Maxwell Model 1.2-400 Synchrotron Light Source

RL P. Johnson *, D. Y. Wang, Maxwell Laboratories, Inc.
H. Bluem. Louisiana State University

*Now at CEBAF. Newport News, Virginia

Abstract conditioning of the vacuum chamber by

synchrotron radiation is thus delayed. However,
The commissioning phase of the the comissioning of the Maxwell model 1.2400

Maxwell model 1.2-400 synchrotron light source synchrotron light source proceeded rapidly in
was successfully completed at the end of August, the presence of ions. Figure 1 shows the stored
1992, with more than 200 mA accelerated to 1.3 current at 1.3 GeV versus the number of days
GeV. This is the first synchrotron light source spent in commissioning. Judicious control of
built by a commercial firm in the U.S. The ions in the beam with ICE's may actually aid the
injector is a 200 MeV linac. Ions trapped in the commissioning process.
beam have played a major role in beam
accumulation during injection, despite ion 300 - - i '
clearing electrodes which cover 70% of the 280 --

circumference. The dependence of the 260

maximum stacked current on the location of ion 240 - "-"220 "": '
clearing electrodes and on the applied voltages "z 200 - - '.. -is discussed. Other observed effcts due to ions 180 -. ,

include the vertical blow-up of the beam at -. 160 -

injection as seen on an optical monitor, and , 140 - - -.

beam stability at negative chromaticity. These • 120 - I

cffects are discussed in relation to some 100 0
prevailing theories. 80 -

60
40 - -
20 '

Introduction 20
0 20 40 60 80 100 120

Ion trapping is a well known

phenomena at various electron synchrotron time (days)
facilities, including Aladdin at Wisconsin( I I
and the SXLS at Brookhaven National
Laboratory[2]. As a result of consultation with Fig. 1 Initial Current at 1.3 GeV vs. time
these facilities the Maxwell model 1.2-400 Since start of commissioning
synchrotron [31 was designed with ion clearing
electrodes (ICE) covering some 70% of the Ions may stabilize the beam against
circumference of the ring. Electrodes were instabilities to enable a greater stored current at
divided into six groups. All electrodes in a injection. It was observed expenmentally that
given group were placed at homologous for a given current and pressure. there was
positions in the lattice and were powered by the always an optimum ICE voltage. A larger
same power supply. The voltages applied to voltage would clear ions more effectively, but
each group could thus be independently varied, this actually resulted in less current

accumulated. At the same time, the vertical
Ions can cause undesired tune spreads blow-up of the beam was a definite indication

and chromaticities which limit the accumulated that ions are still trapped in the beam even at the
current when resonances are encountered. The optimum ICE voltage.
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The main section of this paper will initially and then "saturates". Subsequent
describe this and other ion effects more fully in changes in the "saturation" level are caused by
relation to prevailing theories. Due to changes in the ICE voltage of about 10-20 volts
incomplete data. it is not possible to make out of 200400 volts. This shows how sensitve
detailed quantitative comparisons. But the the stacked current is to the ICE voltage. Such
observations are consistent with general small voltage changes cannot clear the beam of
understanding. ions Rather. this suggests fine adjustments in

the ion densit% •ithin the beam.
I. Observed Ion effects

0 mA• ::

a. Required ICE voltage as a function of
stored current at injection

The required ICE voltage must
increase linearly with stored current 121 in order
to overcome the beam's self-potential. The exact
voltage depends on beam dimensions and the
geometry of ICE's w~ithin the vacuum chamber.
For ICE's located within the dipoles (which were loo mA-
the most effective), it was estimated that for
every mA of stored electron current. 6 volts 5 i---"---

would be necessary. In practice. during initial
commissioning about 100 volts were needed just 0 min. 9 min.
to store 2-10 mA's. and at 200 mA. about 300
volts were needed. Fig. 2 Effect of ICE voltage adjustment on stacking

bý Location of most effective ICE
During initial commissioning, the

vacuum chamber outgassing is significant. According to theory, ions tend to be
Probably a higher voltage is needed to clear ions trapped at sites along the circumference where
rapidly. beyond the necessity of overcoming the there is an abrupt change in vacuum pipe
beam's self-potential. At higher beam currents. geometry since a potential well is formed. For
which occurred after about 24 amp-hours of the Maxwell model 1.2-400. the dipole chamber
accumulated stored beam time. the fact that less to short straight section transition meets this
voltage was needed could indicate substantial criterion. The dipole chamber is rectangular in
neutralization. cross-section. with a vertical aperture of 50

mm. while the straight section is a round pipe
The experimental observations confirm with an inner diameter of 65 nun. Moreover.

that the figure of 6 volts/mA is a good rough this location is where the beam size is minimum
estimate of the required ICE voltage, so that the beam potential is maximum.

For any given store. an optimum ICE It was found that the dipole ICE's were
setting is found. The effect of var•ing the ICE indeed the most effective in terms of controlling
voltage by about 10-20 volts about the optimum ions. Varying the dipole ICE voltage had the
on the accumulated current can be illustrated most significant effect on the amount of
with the strip chart recording of one store as accumulated current. whereas most other ICE's
shown in figure 2. The trace shows the reading had little effect. The dipole ICE's consisted of
from a DCCT (Direct Current Current single flat plates located near the chamber
Transformer) in the synchrotron versus time. bottoms. A negative voltage with respect to the
Current is continuously injected from the Linac vacuum chamber ,was applied.
at a repetition rate of 0.5 Hz. (The damping
time is 1.5 seconds) During the initial period of

commissioning, some of the dipole ICE's were
With a constant ICE voltage applied, shorted out. Their subsequent repair led to

the stored current rises hnearl, with time further increases in the current stacked. This
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suggested that ions were present and had to be e. Chromaticity correction
controlled throughout the entire ring.

It was found that the sextupole strength
C. Gaps in bunch train needed to attain zero chromaticity was about

half of that predicted. This was not directly
It has been shown 141 that a gap in the verified to be caused by ions. However. given

bunch train can significantly improve the that ions are trapped in the beam and that they
performance of a synchrotron ty reducing the form a non-linear lens. this is the most likely
ion density. In this theory. the nearl, stationan explanation.
ions are periodically focussed by the electron
bunches encountered. Whether ions are Summary:
captured or not depends on whether their motion
in this periodic lattice is stable or not. In the MLI model 1.2-400. various ion

effects have been observed. The locations of
For a given bunch fill pattern, one can ions pockets and the necessary ICE voltages can

calculate the critical mass of an ion which be estimated by theory. At any time. there exists
would be captured. Ions with lighter mass are an optimal ICE voltage for the most
not trapped. For the Maxwell model 1.2-400. a accumulated current at injection. At this
completely filled ring has 92 bunches. At a optimal ICE voltage, some ions are still trapped
beam current of 100 mA and if only 50 buckets in the beam. This suggests that ions may be
are filled, the critical mass was calculated to be beneficially stabilizing the beam. This is
about 0.01 (atomic weight). Typical ions are H,. consistent with the experience at SXLS 121. It
CO or Ca2 which all have much larger masses. has been conjectured that the tune spread caused
Therefore all such ions are predicted to be by ions and consequent Landau damping may be
trapped. the reason for this stabilization. Further

analytical work is needed.
Since ions should be captured even

with a gap in the bunch train present. the ring
was run with 50 as well as 92 bunches. As
expected. the accumulated current was the same
in both cases.

d. Vertical and horizontal coupling References

Significant horizontal to vertical [I I E.M Rowe. AlP Confetence Proceedings
coupling was caused by ions. This was most No. 199. 93 (1989)
easily observed at 1.3 GeV. At this beam 121 H. Halama. E. Bozoki. Proceedings of PAC.
energy. the ICE voltage could be set to zero with San Francisco. 2313 (1991)
no reduction in stored beam lifetime. The beam [31 M.A. Green et al.. NIM A291. 464 (1990)
spot within a dipole chamber was imaged by a B.C. Craft et al.. NIM B40/41. 379 (1989)
TV vidicon through optics arranged such that R.C Sah. NIM B56/57. 379 (1991)
only the visible portion of synchrotron radiation D.Y. Wang et al.. San Francisco:PAC.
was detected. What is observed is that the 2727. (1991)
vertical beam size more than doubles to become R.P. Johnson et al.. Berlin:EPAC. 197
equal to the horizontal beam size. (1992)

P. Letellier et al.. Berlin:EPAC. 575 (1992)
At injection energy. the observation 141 M. Barton. Nuc. Inst & Meth. A243. p.27 8

was less direct since the ICE voltage could not (1983)
be turned off without losing beam. However. it
is seen that as the current increases, the beam
spot gradually evolves from a horizontal ellipse
to nearly a round spot. By inference from the
observations at 1.3 GeV. more ions are being
trapped as the beam current increases.
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A Progress Report on the Laborat6rio Nacional de Luz Sincrotron (Brazil)
A. R. D. Rodrigues(a), C.E.T. Gonqalves da Silva(b), and D. Wisnivesky(b)

Laborat6rio Nacional de Luz Sfncrotron
Cx. P. 6192 Campinas 13083 SP BRAZIL

Abstract MAGNETS
We present a progress report on the design and The dipoles are curved C-type laminated magnets, with

construction of the Brazilian synchrotron light source facility, the staggered laminations held together by tie-rods, not
which is based on a 1.15 GeV (nominal energy) electron welded. The laminations are laser cut from low carbon steel
storage ring. To date, the first part of the LINAC injector (50 sheets of 1.5 mm thickness. By the end of the process 11,112
MeV) has been completed and is in operation. Prototypes for laminations will have been cut with the required tolerances
all the ring main components - magnets, vacuum chambers, and reproducibility. The last laminations are to be cut on June
kickers and septa, power supplies, control system, beam 4, 1993. Six core are already assembled and the remaining six
position monitors, RF cavity - have been developed in-house will be assembled by the end of June, 1993. Fully assembled
and characterized. An update of the production of these cores show measured standard deviation from the design gap
components, which is already under %-.y, is presented here. A smaller than ± 25 microns.
report will be given on the experience acquired with laser Figure 1 shows the results for the transverse field
cutting technique for the production of laminated magnets, measured at the central longitudinal point of the dipole, for
pioneered by LNLS. various excitation currents.

INTRODUCTION ''
The Brazilian synchrotron light source is based on an 1.000-

electron storage ring, the main parameters of which are listed
in Table I. Amps
Energy 1.15 GeV • 0.998 I- 236 ampsl ,
Injection energy 0.1 GeV Amps
Nominal current 100 mA 0 0.996-
Circumference 88.804 m Z .996-

I I I
RF frequency 476 MHz -
Natural emittance 65.3(34.1) nm-rad 0.994
Horizontal betatron tune 5.27(5.72) 4 2 0 2 4
VerLical betatron tune 2.17(1.85) -40 -20 0 20 40
Synchrotron tune 9.420 1/1000 Offset from central orbit (mm)
Momentum compaction 8.72.10-3 FIGURE 1 - Transverse profile of the field (dipole center).
Energy spread 0.059 %Horizontal chromaticity -8.17(-18.71) Figure 2 shows the results for the longitudiallyVertical chromaticity -9.70(-9.23) integrated field as a function of the transverse position (0 isthe ideal orbit).

TABLE I - Main parameters of the UVX ring normal mode of
operation (low emittance mode in parentheses). • 1.0004-

Thus far five different modes of operation have been • 1.0000 -
studied. In three of these modes the six-fold synmmetry is -
preserved, but, by using different quadrupole and sextupole ' 0.9996-
excitations, the natural emittance can be varied (130, 60- 0.9-22-"-z 0.9992 .'[T-*• • -23.6 AmPsl--
shown above - and 30 nm-rad). In a two-fold symmetric .Z 300 Amps
mode, a very small vertical betatron function value is obtained • 0.9988
in the middle of a straight section. The minimum physical • 0.9984_
aperture at this point can reach 6.8 mm. The operation of a , 0.9984-

small gap insertion device is envisaged in this mode. Finally, - 0.9980 ' '
the fifth mode is three-fold symmetric and allows the 1.* * I

operation of the ring in a quasi-isochronous mode, with a -20 0 20
momentum compaction factor two orders of magnitude Offset from central orbit (mm)
smaller than in the normal mode 1. FIGURE 2 - Integrated longitudinal field at different

transverse positions.
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Figure 4 shows the pump-down and bake-out curves

58.08- for the bending magnet chamber #6.
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FIGURE 3 - Gap measurements for dipole #2. The average

value is 58.0194 mm (middle thick straight line), with a FIGURE 4 - Pump-down and bake-out curves (pressure and
standard deviation of 19.7 lim (the upper and lower thick lines temperature) for bending magnet chamber #6.

indicate the average plus and minus one standard deviation,
respectively). RF CAVITY

The RF system is designed to supply 56 kW CW to the
Figure 3 shows the results of the dipole gap cavity, sufficient to supply the required 5.6 kW per 100 mA of

measurements for dipole #2. stored current at 1.15GeV. The RF power is produced by a 62
Although the magnets were designed to operate at 1.4 kW CW klystron. The 160 kW transmitter, including the main

T, it turns out that they can be run at higher fields, pushing the power supply and all auxiliary controls and power supplies,
ring energy up to about 1.35 GeV. This is very desirable for have been completed. The transmitter has been tested with a
the X-ray community, which can make use of radiation from resistive load. The high power klystron is specified and in the
the bending magnets, without waiting for the installation of process of being procured. The klystron pre-amplifier, as well
the planned wiggler insertion, as the cavity control system, are completed and tested.

Prototype work has already been done for quadrupoles LNLS is developing a single cell RF cavity for use in
and sextupoles, with production scheduled to begin its storage ring. All the cavity designs were evaluated using
immediately after the dipole laminations have been cut. The the code URMEL-T 2 . A scaled down version (1.2 GHz) in Al
prototypes were characterized by the standard rotating coil has been fully characterized. In this Conference, preliminary
set-up. A second measurement system, based on an integrator, results for the Al prototype of the 476 MHz cavity are being
is being developed, reported for the 476 MHz cavity which is uader

development 3 . A first prototype was built, based or the
VACUUM CHAMBERS proposed design for the PEP II B factory. It uses wave guide

The standard bending magnet vacuum chambers are supressors, which couple to HOM. Measurements indicate that
produced from 316 L steel and have light ports at 4 and 15 there is a very strong reduction of the Q value and shunt
degrees. The parts are laser cut and TIG welded. The chamber impedance of the HOM which could cause multibunch
has the following characteristics: (i) a copper water cooled instabilities. The cavity which will be effectively used in the
absorber on the outer (radiation) side, with slits for extraction ring will be made of Cu and the first full scale prototype will
of synchrotron light; (ii) a permanent NEG strip on the inner be built in the second Semester of 1993.
side and a removable NEG cartridge on the outer side (placed
in between the copper absorber and the chamber outer wall); OTHER COMPONENTS
(iii) metal-coated ceramic (vertical) clearing electrodes on the The transport line from the LINAC to the ring consists
inner side. Thus far, LNLS has closed, baked and pumped- of a quadrupole doublet immediately after the LINAC at
down six of the twelve vacuum chambers. The NEG strips underground level, a vertical achromatic system to transfer the
have not been activated yet. They are all under vacuum better beam to the hall level and a horizontal achromatic arc leading
than 10-9 mbar. to the injection point. The whole line uses 1 I quadrupoles and

There wili also be non-standard vacuum chambers with 3 dipoles. No hardware development has as yet taken place.
ports at 0 and 15 degrees for insertion devices and bending The injection will be performed by thick and thin septa,
magnet radiation, respectively, and one chamber with a in the transport line, and three kickers in the ring. The kicker
backport for studies of X-ray scattering at x/2 Bragg angle. developed and built to date have ferrite core inside the
They are under construction. vacuum chamber and provides pulses with 150 ns of rise-time,

200 ns duration and 200 ns fall-time. A prototype for the thin
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septum has been built and operated with 30 pis sinusoidal developed by LNLS. Additional beamlines are being
pulses peaking at nominal field. designed.

The 24 beam position monitors will be of the stripline In total, six beam lines will be operational at LNLS
type and their acquisition electronics, still under development, when the storage ring is completed: two for VUV radiation
will allow both circulating beam and single shot readouts. The and four for X rays.
ring current is to be measured by a commercial DCCT
monitor. CONCLUSION

The control system consists of a few serial networks of Construction of the storage ring building has started,
local controllers, at the level of the ring equipments, early in 1993, with the LINAC tunnel. The tunnel will be
connected to a parallel (SCSI) network of commercial desktop completed in June 1993, when construction of the main
computers via a concentrator. The hardware and software storage ring and experimental hall is scheduled to begin.
library have been developed and tested. In spite of severe financial constraints over the past

The high precision power supplies for the storage ring three years, specially in the last eighteen months, the LNLS
magnets have been developed at LNLS using high power project has moved ahead, in the construction of the fight
switching IGBTs4 . Extensive performance tests of this new source, scientific instrumentation, and buildings. There are
type of power supply have been made with excellent results indications that financial constraints will be alleviated in the
on stability (8 ppm/K), ripple (5 ppm on the magnetic field), near future, allowing the speedy conclusion of the storage
and reproducibility of the current (0.01 %). The power supply ring.
has a dynamic range of 1 - 100 and can be ramped, without Innovative designs and developments for storage ring
tracking error, to the maximum current. A single power components and beam lines have been pursued with success.
supply, 300 A, 1000 V, is used for the 12 dipoles. The 36 The relative isolation of LNLS, imposed by both geography
quadrupoles are arranged in three families. Nevertheless, to and finances, has been a spur to try new designs and concepts,
gain flexibility, every 2 quadrupoles belonging to the non- ranging from magnet production to power supplies to
dispersive straight sections have a separate power supply, scientific instruments, which emphasize low cost, high quality
while the 12 remaining quads have a single power supply. and superior performance. Commissioning of the storage ring,
Thus a total of thirteen power supplies are required for the expected to start in late 1994, will be the crucial test of these
quadrupoles. In-house production is under way and is new developments.
scheduled to be completed by the end of 1993. Power supplies
for the sextupoles, steering coils and transport line magnets ACKNOWLEDGEMENTS
have been prototyped and production is schedule to start in the The authors would like to acknowledge all their
second Semester of 1993. In all, 75 different power supplies, collaborators in the technical and scientific divisions of LNLS,
with power ranging from 350 W to 300 kW, are being who have contributed, directly and indirectly, to the
produced and expected to be finished in the first Semester of preparation of this progress report.
1994.
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An Overview of the PLS Project*
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Abstract 280.56 m. Table I summarizes major storage ring parameters.
PLS (Pohang Light Source) is a synchrotron radiation facility There are 3 flat dipole magnets, 12 quadrupoles, and 4 sextupoles

currently under construction in Pohang, Korea. It consists of a in each superperiod. Figure 2 shows the PLS magnetic lattice of
2-GeV full energy injector linac, a storage ring, and three initial one superperiod. A large number of quadrupoles provides flexi-
beam lines. The PLS belongs to a third generation machine with bility and diversity. Two pairs of sextupoles, one focusing and
an expected beam emittance of 12 nm rad. The commissioning one defocusing are used for chromaticity correction. The re-
of the PLS is scheduled to take place toward the late fall of 1994. quired strengths of these sextupoles are considerably smaller
The facility will be opened to users by mid-1995 and will than those for other third generation light sources, resulting in
eventually provide high brightness source of radiation in the smaller nonlinear effects and somewhat larger dynamic aperture.
wide spectral region from bending magnets and insertion de- The sextupoles have additional horizontal and vertical trim
vices. windings to correct the closed orbit distortions and to control the

skew quadrupole components. The closed orbit is monitored by
I. INTRODUCTION total of 108 beam position monitors. Correction of the orbit is

Construction of the Pohang Light Source (PLS) in Pohang, accomplished by 82 horizontal and 82 vertical dipoles distrib-

Korea is well in under progress since the ground-breaking of the uted around the ring.

site in April of 1991. The main part of the accelerator facility
consists of a full energy injector linac and a storage ring opti- Table 1: Major storage ring parameters
mized at 2-GeV of electron energy [1]. The PLS belongs to a Nominal energy 2 GeV
third generation light source with an expected emittance of 12 Circumference 280.56 m
nm rad. Ten 6.8-m long straight sections are available for Harmonic number 468
installation of insertion devices. Two initial bending magnet Radio Frequency 500.082 MHz
beamlines and a superconducting wiggler are under construc- Critical photon energy 2.8 keV
tion. The PLS conventional facility which includes the linear
accelerator buildings with a total floor space of 38,678 m2 have Maximum current

been completed 87% of its total schedule as of April, 1993. Single bunch mode 7.0 mA

Figure I shows a general layout of the PLS facility. The machine Multi bunch mode 100 mA
installations for both the injector linac and the storage ring are Natural emittance 12 x 10-om rad
under progress. The commissioning of the injector linac and Available straight section for insertion 10
storage ring will be taken place respectively by beginning and device
fall of 1994. Time structure 20 - 50 psec

Beam lifetime > 5 hours
II. INJECTOR LINAC RMS beam size at insertion device center

The electron linac consists of 60-MeV preinjector and 2-GeV ox 330 pn
main linac which are located 6 meters below the ground level. Cy 70 jum
Total of 42 SLAC-type accelerating columns are powered by 11 Energy loss per turn from bending magnet 225 keV
klystrons and 10 pulse compressors. A nominal beam energy is
2-GeV and total length of the linac is 150 m. The linac will be The injection system of the storage ring consists of fourbump
operated at 10 Hz when the beam is injected into the storage ring magnets and one Lambertson septum magnet. The beam from
injection system via 98 m long beam transfer line which will the linac is vertically bent 80 by means of Lambertson magnet
bring the beam above the ground level. A detailed description in order to make the beam level the same as the storage ring orbit.
of the PLS injector linac can be found in this proceedings [2].

Prototype magnets for the storage ring dipole, quadrupole,
III. STORAGE RING sextupole, and correction dipoles (all supplied by Hyundai Elec-

A. Lattice and Magnets trical Engineering Co.) have been examined and the field meas-

The storage ring lattice has a Triple Bend Achromat structure urements have been performed. The magnetic field error
with 12 superperiods and total circumference of the ring is multipole components are found to be within allowable toler-

ances. All 36 bending magnets have now been delivered and the

Work supported by Pohang Iron & Steel Co. and Ministry of field measurements have been performed. The delivery of the

Science and Technology, Korea. remaining quadrupoles, sextupoles, and correction dipoles will
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be completed by the beginning of 1994. Prototype power sup- /DOM
plies for the magnets have been designed and tested successfully. 7M: ,\m
The main products are now being delivered by POSCON Co. GENERAL A UT
and Daewoo Heavy Industries Co. /

B. Vacuum Chamber -
The storage ring vacuum chamber is made of aluminum alloy I\

5083-H 321. Each superperiod has two sector chambers (7-inm let "W lo
and 10-in long) and one straight section. Each sector chamber IM OBJM

consists of a top and a bottom pieces and these are machined - I ".
separately and welded together. Three beam line ports per I WAMo Y

superpeuiod are provided, one from insertion device and two /
from a middle bending magnet. The vacuum chamber is divided / ,) LnW "/(8 n OM WtVt.

into two regions, a beam channel and an antechamber in order / I
to reduce vacuum problem in the beam channel caused by photon i-I
induced desorption. A number of water-cooled photon stops are go= DO=
positioned to prevent the synchrotron radiation striking the . ( 0
chamber wall directly, except the beamline ports. The storage '4 US

ring vacuum system is pumped by sputter ion pumps (SIP) and GA 11 WJ

combination pumps consisting of lumped non-evaporable getter\\ a& " MUM/
pump (NEG) and SIP. The combination pumps are located
directly below each photon stops. So far, three main sector
chambers which are mounted on supporting girders have been I'

evacuated to the order of 101 ton" and installed into the storage /ring tunnel. 77

C. Survey and Alignment "

Since the PLS is a third generation machine, its components Fig. 1: PLS layout
should be placed as accurately as possible within the respective
allowable tolerances. In order to control the absolute position of storage ring control network is formed, which consists of 48
the PLS components, a global reference network is formed based monuments fixed at inner wall brackets of the tunnel.
on the PLS coordinate system. There are total of ten global D. Storage Ring RF Cavity
reference points: four on the surrounding hill tops, two on the The storage ring RF cavity system will have four single cell
linac and four on the storage ring tunnel floor. These ten geo- cavities all installed in the dispersion free straight section just
detic points are to be sighted directly each other to form a surface before the injection straight. The storage ring RF system has a
network. This is done by penetration hole right above the provision to increase the stored beam current to 400 mA at
geodetic points and the platform built at the roof top of the electron energy of 2-GeV. For the initial phase of commission-
storage ring building. Based on the 10 geodetic points, the inlc however. only two cavities will b se Acceleiating fre-

ONE CELL OF THE STORAGE RING

•) •: wzM4

B"ID

ol

Fig. 2: PLS lattice of one cell
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of five gratings. It will deliver photon energies between 13 and
1,250 eV mainly for photoemission studies. This beamline is

. -- .also designed to accommodate another branch for Seya-

r 10" Namioka optics for lower energy photons.

UT Table 2: PLS insertion device (ID) parameters
*10 U". ID* Period (cm) No. ofperiod Field(T)

.E 10 U3 3.0 140 0.22

U5 5.0 80 0.56

10 U7 7.0 60 0.90
U9 9.0 48 1.18

10 4- W2 15 20 2.0
W6 110 1 6.0

10 1 - U for undulator, W for wiggler.

m 10i For the x-ray beamline, a mirror will accept 4 mrad of
radiation and a double crystal monochromator with a fixed exit

1 i," beam position is used to give focused photon beam at photon
energies between 3 and 12 keV. This beamline will be mainly

1 ... . . used for X-ray diffraction and XAFS experiments. In addition
0.01 0.1 1 10 100 to the two bending magnet beamlines, a 7.5 Tesla, 3 poles

Photon EnW~ (ko) superconducting wiggler is also under construction in collabo-

ration with the Budker Institute of Nuclear Physics, Russia. This
Fig. 3: Spectral brightness of the PLS photon beam beamline will provide hard X-ray region by general broad band

quency radiation up to 30keVof photon energy. In the normal operation
of the storage ring is chosen to be 500.082 MHz. High power mode, the time structure of the synchrotron radiation will coin-
test of the prototype cavity (fabricated by Toshiba Co., Japan) prise pulses with a FWHM of 20 - 50 ps with a minimum
powered by a 60-kW klystron (Harris TVT Co., England) has separation of 2 ns between pulses.
been made successfully and the second cavity will be delivered
by the end of 1993. V. SUMMARY

E. Instrument and Control The PLS project officially started in April of 1988. The PLS

The PLS control system consists of a host computer, an expand- conventional facility is near completion, and the machine instal-
able set of console computers, and VME-bus based Data Acqui- lation for the injector linac and the storage ring is at its peak. The
sition and Control Systems (DACS). The DACS consists of commissioning will start toward the end of 1994. The project is
Subsystem Control Computers (SCC), Machine Interface Units funded jointly by Pohang Iron and Steel Company and the
(MIU), and low level communication networks. It performs Ministry of Science and Technology of the Korean government.
many control and monitor functions, such as reading and setting The PLS will be the national user's facility and will eventually
parameter values of machine components, feedback control, provide high brightness radiation up to 30 keV of photon energy.
alarm handling, and raw data processing, etc. A number of beam
diagnostic monitors are used in the storage ring in order to obtain VI. REFERENCES
essential beam parameters, such as beam position, beam current, [1]. Design Report ofPohang Light Source, Revised ed.( Pohang
beam intensity profiles, betatron tune, etc. These includes 108 Accelerator Laboratory, POSTECH, January 1992).
beam position monitors, a DC current transformer, two photon [2]. W. Namkung, et al., "Progress of PLS 2-GeV Linac," these
beam position monitors, two striplines, six screen monitors, and proceedings.
a scraper.

IV. BEAMLINES

PLS bending magnets with a field strength of 1.058 T and a
beam energy of 2-GeV operation, the critical photon energy is
2.8 keV. Figure 3 shows spectral brightness as a function of
photon energy and Table 2 indicates some parameters for possi-
ble PLS insertion devices. There will be two experimental beam-
lines from the bending magnets, in the initial phase, each for
vacuum ultraviolet (VUV) and X-ray, respectively. For the
VUV beamline, a spherical grating monochromator which ac-
cepts 10 mrad of the radiation are being constructed with a set
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PRESENT STATUS OF SRRC

Edward Yen
Synchrotroon Radiation Research Center

No. 1 R&D Road VI, Hsinchu Science-Based Industrial Park
Hsinchu, Taiwan, Republic of China

ABSTRACT Booster and the Storage Ring Buildings are in a lower and
upper level with a height difference of 4 In between them. The

The Synchrotron Radiation Research Center (SRRC) has been Booster and the Storage Ring are connected by a 70 m BTS
established to construct and operate a 1.3 GeV third generation (Booster-to-Storage Ring) transport line. The injection system
synchrotron radiation facility at Hsinchu, Taiwan, Republic of consists of an electron gun, a 50 MeV linac and a 1.3 GeV
China. Following is a brief report on its present status, booster synchrotron. The storage ring is characterized by a

circumference of 120 m, a 6-fold symmetry, and 6 straight
I. INTRODUCTION sections, with each 6 in long.

A. Site The major parameters of the injector and the storage ring are

given in Table 1 and Table 2 respectively.

Hsinchu is about 75 kilometer south of Taipei. SRRC is
located at the northwest bound of the Hsinchu Science-Based Table 1 Design Parameters of the Injector
Industrial Park in the vicinity of two leading technical
universities, namely, the National Tsing Hua University and Linac energy 50 MeV
the National Chiao Tung University, and the leading Industrial Linac current 30 mA
and Technological Research Institutes of Taiwan. The SRRC (multi-bunch mode, average current)
site is triangular in shape with an area of 15 hectares. Booster energy 1.3 GeV

Booster current 5 mA
B. General Characteristics of SRRC Booster pulse rate 10 Hz

(for positron

The SRRC synchrotron layout is shown in Figure 1. The option)

A3

1460

_TR ErRNS'R RING

.AlA

Future Long Beam Lines

Figure 1. SRRC Synchrotron Layout
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Table 2. Major Parameters of the Storage Ring Orbital period 400.3 ns
Radio frequency 499.654 MHz

Lattice structure TBA (combined function Harmonic number 200
bending magnets) Nominal peak rf voltage 0.8 MV

Nominal energy 1.3 GeV Number of superperiods 6
Nominal circulating current, multibunch 200 mA Insertion straight section length 6 m
Number of stored electron, multibunch 5 1011 Bending field 1.24 T
Nominal circulating current, single bunch 5 mA Bending radius 3.495 m
Number of stored electron, single bunch 1.25 1010 Injection energy 1.3 GeV

Number of dipoles 18Natural eittance 1.92 10-8 mretad Number of quadrupoles 48
Natural energy spread, rms 6.6 104 Number of sextupoles 24
Relative energy spread, rms Momentum compaction factor 6.78 103

Multibunch 6.610-4 Betatron tunes
Single bunch 6.6 10-4 Horizontal 7.18

Bunch length, rms (lo), natural 7.4 mm Vertical 4.13
Synchrotron tune 1.15 10-2

Bunch length, (2o), natural 49 ps Natural chromaticities
Bunch length, (2o), nominal current Horizontal -15.261

Multibunch 49 ps Vertical - 7.885
Single bunch 49 ps Damping time

Beam lifetime, half-life Horizontal 10.691 ms
Gas scattering lifetime at 1 n Torr Vertical 14.397 ms

20 mm vertical gap 39 hr Longitudinal 8.708 ms
Touschek lifetime at nominal current Envelope function beta x at insertion 10.52 m

Multibunch 19 hr Envelope function beta y at insertion 2.94 m
Single bunch 5.5 hr Beam size (lo) at insertion middle

Fillfing time Horizontal 0.428 mm
Multibunch 10 sec Vertical (10% emittance ratio) 0.428 mm

Few bunch 5 sec/bunch Critical photon energy (dipole) 1.39 keV
Circumference 120 m

Optical Functions
TBA, Tune (7.18. 4.13)

25

20

15

13x

10

5

0 CJ

5

0 r r - --r - -- r I 1I I I1
0 2 4 6 8 10 12 14 16 18 20

Path Length [Ml

Figure 2. The Optical Functions of the Lattice for One Superperiod
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The TBA lattice with horizontal emittance of 1.92 x 10.8 mrad A. Civil Construction
was chosen for the ring. There are six superperiods. The
optical functions of the lattice for one superperiod are shown The Phase I construction including the Administration and Lab
in Figure 2. Building and the Machine Shop was completed in May 1990.

The entire staff move into the Hsinchu site in June 1990. The

II. SRRC CONSTRUCTION OVERVIEW Phase II construction took about one and a half year. The
Booster Building was completed in February 1991 just in time

An overview of the SRRC construction is shown in Table 3. for the delivery of the injector components. The Storage Ring
Building was completed iii December 1991.

Table 3. SRRC Construction Overview

Civil Construction Injection System Storage Ring
(Preinjector and and Booster to

Booster) Storage Ring
Site Transport Line

Preparation

Formulate
Specifications

Phase I Design Phase

Administration Construction - Component Studies
& Lab Bldg by Vendors - Conceptual Design

Machine Shop
Detailed Design &

Workbreakdown
Testing &

Commissioning

Phase IIo- Construction Phase

Booster Bldg - Component
Fabrication

Storage Ring
Bldg - Componen, Testing

Installation

Phase III Commissioning -P

buest Houseo
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B. Injection System and alignment. Accuracy of ! 0.2 mm at the quadrupole
location has been achieved.

The injection system was contracted out to Scanditronix AB,
Sweden in August 1988. However, SRRC is fully responsible III. STORAGE RING COMMISSIONING
for the RF system of the booster synchrotron.

A brief summary of the commissioning of the SRRC storage
The SRRC staff has been operating the injection system since ring as to date is given in Table 4.
July 1992 with very satisfactory performance. Machine
studies have been performed. Parameters of the booster are Table 4. Commissioning Milestone
measured at the injection energy of 50 MeV. The results are
in good agreement with the design values. Feb 23, '93 First turn

(On axis injection at 1.3 GeV)
C. Component Fabrication and Testing for the Storage Ring RF installation:

Feb 22, '93 Transmitter arrived
A general account on this subject will be given here. A more Mar 16, '93 The first rf system worked
detailed report can be found in another paper in these All four kickers installed
Proceedings entitled "Construction and Commissioning of the Apr 2, '93 First few turns
SRRC Storage Ring". Apr 13, '93 First beam stored

Apr 26, '93 BPMs became operative
Most of the vacuum chambers were made of aluminum. All Machine parameters study started
the chambers are already fabricated and installed. One sextant
section has been baked, tested and maintained at 4 x 10-11 At present, beam can be routinely stored with a current of a
Torr for more than six months. At present, without turning on few mA with lifetime of - 30 minutes. Machine studies are
the ion pumps, the vacuum pressure is about 10-8 Torr without carried out. Current and lifetime are presently limited by the
beam, and about 10-7 Torr with a few mA stored beam vacuum. The vacuum is expected to greatly improve when the
current. Bakeout of the vacuum chamber will be carried out in bakeout is carried out and the ion pumps are turned on.
June 1993. With the ion pumps turned on, the vacuum should
improve greatly. Further improvement is also expected from Starting this May, the beanm energy can be measured to an
synchrotron radiation cleaning, accuracy of e. 10-3. Synchrotron radiation front the stored

beam has been observed. The bunch length of the beam was
There are three identical RF systems at SRRC. One for the measured to be o - 42 psec. Closed orbit distortions in both
booster and two for the storage ring. Six 500 MHz cavities vertical and horizontal directions are measured by the BPMs.
were bought from DESY. The low level electronics and Application programs are used to make corrections. This
transmitters were constructed by SLAC and Mountain indicates that both the hardware and software are working
Technology, USA, respectively. SRRC is responsible for properly.
assembling the RF systems. The booster RF system became
operative in December 1991. It is highly reliable. In more The dispersion function il(s) and the momentum compaction
than 3300 accumulated operating hours, only four days were factor a are measured showing results in good agreement with
needed for checkup and maintenance. One of the RF system the design values. It has also been demonstrated that
for the storage ring became operative in March 16, 1993. chromaticity can be corrected to • - 0 using the sextupole at

the nominal strength.
Thcre are 18 bending magnets, 48 quadrupolcs, 24 sextupolcs,
24 horizontal and 30 vertical correctors around the ring. The In order to study the transverse dynamic features of the lattice,
bending magnets are curved, combined function types. In we have measured .,x = 7.14, vv = 4.17 to compare with the
addition, there are pulsed magnets, 4 kickers and I septum. design values (7.18, 4.13). The O3x, y function are also
All these magnets were designed, constructed and measured measured. The results are in very good agreement with the
locally. All the magnets installed in the ring are within designed values.
acceptable tolerances in terms of multipole errors.

With the measurement of the machine parameters, the first
We would like to refer the reader to another paper entitled part of the commissioning phase has been completed. There
"Diagnostic Instrumentation Systemn for the SRRC 1.3 GeV will be a two-month shutdown for (i) bakeout of the chamber,
Synchrotron Radiation Light Source" in these Proceedings (ii) installation of the three VUV photon beamlines, and (iii)
which has the details of the control and diagnostic system of continuing survey and alignemnent work. Further
SRRC. conimmissioning of the storage ring will start iii July 1993.

With the completion of commissioning and installation of the
Installation and subsystem tesling of the storage ring were beanflines, the SRRC facility is expected to become operative
completed March 1993. Major efforts were put in the survey in September 1993.
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SOLEIL, a New Synchrotron Radiation Source for LURE'
M.P. Level, P. Brunelle, P. Matin, A. Nadji, M. Sommer, H. Zyngier

LURE
Centre Universitaire de Paris-Sud, BAt. 209 A, 91405 Orsay Cedex, FRANCE

J. Faure, J. Payet, A. Tkatchenko
LNS

CE Saclay, 91191 Gif sur Yvette Cedex, FRANCE

Abstract II. LATIICE PARAMETERS
LURE is designing a new storage ring of energy

2.15 GeV which will provide radiation in the intermediate For the required critical length 2.5 A (Ec = 5 keV) and for
energy range, 20 eV-1.5 keV, from undulators and 5 keV a 1.6 T magnetic field, the machine energy is 2.15 GeV. The
critical energy photons from dipole bends. On the basis of structure is a Double Bend Achromat (modified Chasman-
what was learned from Super-ACO experience, a number of Green lattice) with parallel face magnets and zero field index.
criteria were retained for the new machine: large number of The doublet located in zero dispersion sections in Super-ACO
insertion sections (13), 3 and 5 m long, for a comparatively has been replaced by a triplet. The chosen emittance leads to 8
short circumference (216 m), moderate emittance (3.7 10- periods.
8 m.rad) to secure good Touschek lifetime for the operation The optical functions are presented on Figure 1. The main
with a few intense bunches and for a realistic energy optical parameters are :c = 37 nm.rad, Qx = 9.70,
acceptance. Particular attention is paid to all aspects leading to Qz= 8.70, a = 3.42 10-3 and aEjE = 8.53 10-4 .
the stability of the photon beam. A decision is looked for
1993-94. The construction time should be 4 years.

I. INTRODUCTION d A

A new storage ring, named SOLEIL, is being designed at 30
LURE with in mind to ultimately replace both DCI and
Super-ACO, while retaining the potentialities of these two
machines for the users. 10 P. W

The experience gained from Super-ACO in the last 5 years

shows that an energy well above 1.5 GeV is necessary to
reach a compromise between low emittance, good lifetime at
high intensity, good lifetime with a small number of intense
equidistant bunches, operation with a large variety of
insertions. In consequence the choice was made to build a O
polyvalent radiation source with an energy of 2.15 GeV 0 , to I , 25 ,(M)
which will provide photons in the energy range 20 eV-
1.5 keV from undulators, 5 keV critical energy photons from Figure 1.
dipole bends and 10 to 30 keV X-rays from a wiggler magnet.

A number of specifications were defined by the users. The chromaticity correction is achieved using 2 sextupole
These concern, for the multibunch operation, a beam current families located in the non-zero dispersion sections and the
of 300 mA and a 15 hours lifetime and for the 6 bunch dynamic aperture is optimized using 3 other families in the
operation (temporal structure studies) a bunch current of zero dispersion sections (Figure 2). A 25 T.m 2 sextupolar
60 mA and a beam lifetime larger than 10 hours. These strength allows one to increase the chromaticity up to 3 units
figures have to be reached as a compromise to low emittance. in order to combat the transverse mode coupling instability.
It ended up with the choice of an horizontal beam emittance of
35 10-9 m.rad. V I

From the past experience on Super-ACO, the following
choices were made : implementation of insertions both in zero
and non-zero dispersion straights and sextupolar coils inside -0

the quadrupoles. Furthermore great emphasis was put by the - scxpols + decapolest i " ÷+ m ultip oile fIield effors

users on the photon beam stability in all its aspects. This - -1-- + multipole field efo x3

concerns positron filling to avoid ion and macroparticle phc- aly apenure
trapping in all circumstances, transverse and longitudinal °0
stability of the bunches and the overall stability of the photon
beam with respect to experimental set-ups.

0
-.50-40-30 .20-10 0 10 20 30 40 50 x(mm)

Work supported by CNRS-CEA-MEN. Figure 2.
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Figure 3 shows a schematic diagram of the location of Ill. PHOTON SOURCES
beam position monitors (BPM) and correction dipoles in a
typical cell of SOLEIL. There are per half cell, 3 BPM, 3 Figure 4 shows a general lay out of the storage ring
horizontal correctors and 3 vertical correctors. Both global and together with the insertion and bending magnet beanilines.
local correction will be provided. The global one, using all The distribution of the beamlines and the transverse source
monitors and correctors, leads to zero on each BPM in both sizes are:
planes and a residual orbit distortion with a maximum value
of 0.2 mm elsewhere. An adjustment in the straight sections - 24 bending magnet beamlines:
can be made independently (angle and position) using photon .2 beaml ines per odd numbered bending:
BPM in beam line. a, =130 gm a = 90l.gm

clu CM I beamline per even numbered bending:
VFRIFII I ca,= 260l gm az = 8Ogm

Q4Q$- 13 straight sections for insertion devices:
A CVQ6 ~ ~ odd straight arx= 780 pm caz= 110 pm

QF0 JQ X . C~ O ~ ~ ~ ~ .even straight ax = 560 pm az = 250 pm

vcrtcal correclor

Figure 3.

--U 1432e l iirC-n ijr.S4 V.m24

Xe HekVIMlp.Wg~.).I~mS0T ~ t 1

4 -3ftV I3 Snuper omedc4Wg. ).IOin: l=.2r L=02m 2.5 2-13

The linear~e efet due3eV to theaar insetion (Avzinon ;5 7-11~ re 3

copesae byV a4e loa corcto forors the0m SC.r wiggle and the1-1
multpol wiglr andIe a3 globalt correction for2r the2 unu.tos 251

The residal0.5 bet is les than 5 everywhee exceptat.the; - wII2.5I n0.9 l-9

FFigure 5.

The iner efect du totheinsetios (~z Az/p)1ae66



IV. HIGH INTENSITY V. INJECTOR

A. Positron source
A. Coherent instabilities Depending on the filling mode of the machine, the gun

Monomode RF cavity is invaluable in order to ensure will provide a 5 ns, 15 A pulse or alternatively 300 ns,
longitudinal and transverse stability for multibunch operation. 1.4 A pulse at a repetition rate of 10 Hz. A high current
It is especially important for SOLEIL since there will be Linac with an energy of 200 MeV is followed by a quarter
insertions in non zero dispersion sections.

A 500 MHz superconducting cavity of the type which is wave length converter and a 400 MeV positron Linac.
being developed by CORNELL would suit the requirements. B. Booster
One aims at an accelerating voltage of 3 MV in order to reach A Booster increases the beam energy to 2.15 GeV. It is a
an energy acceptance of 2.4 % and a beam power of 225 kW FODO structure with 4 periods and 108 m in circumference.
to cope for a maximum current of 0.5 A. The main characteristics are shown in Table 4.

A five meter long straight section could house two cavities
of this type. Table 4

B. Beam lifetime Number of dipoles: 24
Table 2 summarises the values of beam gas lifetime (rg) Number ofquadnipoles: 32

and Touschek lifetime (TT) for different situations, assuming Dipoles length : L = p x it/l2 = 1.877 m
Quadrupoles length: L = 0.4 m

10 % coupling and a 10-9 Torr pressure nitrogene. Dipole maximum induction
(E = 2.15 GeV): I T

Table 2 Quadrupole maximum gradient 10 Tim
(E = 2.15 GeV):

I (mA) 300 6 x 10 Tune vx. vz : 5.65, 2.65
tg (h) 24 82 O3xmax, lPzmax : 17 m, 17 m
EE = R•F 2.4 % Maximal dispersion, Dmax: 2 m

VRF(MV) 3 Emictance at 2.15 GeV : ex/ir = 3.84 10-7 mrad

Ot (rm) 6.6 Energy spread at 2.15 GeV: 6.8 10-4
IT (h) 405 33.7

(h) 23.5 2 The Booster RF frequency is 100 MHz in order to match
VpF (MV) 2 the 5 ns Linac pulse to the 500 MHz RF storage ring

(It (n) 7.2 acceptance. Injection time is 5 mn for both operation modes.
TT (h) 239 20

i •,°w (h) 1 22 16 VI. MISCELLANEOUS

A study of a By-pass option has been made aiming at a
Remark : The computation of Touschek lifetime has been high gain Free Electron Laser tunable between 350 and
made with the nominal RF energy acceptance (2.4 %) and 100 nm. It is schematically shown on Figure 4. It would
also in a most pessimistic case (1.8 %) taking into account allow a 12 m long straight section for the implementation of
the possible limitation due to the insertion non linearities. a set of optical klystrons.

The main characteristics are:
Table 3 summarises the main machine parameters.

Energy E = 1.5 GeV

Table 3 Emittance E, = 20 nm rad

ecavity 25 m
Energy E = 2.15 GeV Maximum current 40 mA in 4 bunches
Maximum current 1m 300 mA Amplification 25 %
Maximum current per bunch b= 10 mA B
Emittancce x= 37 nm rad Beam lifetime t =4h
Orbit length L = 215.96 m
Revolution frequency to = 1.388 Mllz
Number of perio 8
Number of straight scgtions x 6 m + 8 x 4.5 m ACKNOWLEDGEMENTS
Magnets :
Dipoles : number, length, gap, Bmax : 16, 1.81 m, 0.06 m, 1.6 T
Quadrupoles : number, length: 80, 0.65/0.45 m It is a pleasure to acknowledge major contributions of the

bore radius. Gmax : 0.0575 m. 13 T.m"1  technical staff from both LURE and LNS Laboratories.
Sextupolar coils : number, length: 80. 0.65/0.45 m Many thanks to Phi Nghiem who calculated the By-pass

strength : 25 T.m"2

RF system lattice.
Frequency tRF = 500 Mllz
Hlannonic number h = fRF/fo = 360
Maximum voltage VRF= 3 MV
Energy acceptance CRF = 2.4 %

Energy loss per turn (with insertions) &E- 450 keV
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CONCEPTUAL DESIGN OF A COMPACT ELECTRON STORAGE RING SYSTEM
DEDICATED TO CORONARY ANGIOGRAPHY

Y. Oku, K. Aizawa, S. Nakagawa
Akashi Technical Institute, Kawasaki Heavy Industries, Ud.

1-1, Kawasaki-cho, Akashi, Hyougo 673, Japan
M. Ando, K. Hyodo, S. Kamada

Photon Factory, National Laboratory for High Energy Physics
1-1, Oho, Tsukuba, Ibaraki 305, Japan

H. Shiwaku
SR Facility Project, Japan Atomic Energy Resear-'i Institute
2-4, Shirane, Shirakata, Tokai, Naka, Ibaraki 319-11, Japan

Abstract photons/mm 2/sec after passing through the patient's body.
We designed a compact electron storage ring system which The photon flux to one pixel in a digital image, I is 104

gives a X-ray photons density of 101 0photons/mm2/sec at photons/pixel/exp.time. So, the signal-to-noise ratio S/N is
33keV for the K-edge subtraction method using a two- I /v'f = 100.
dimensional imaging system. We adopted a beam energy of PB. x.rposure area
1.75GeV, the maximum field of superconducting wigglers of The X-ray exposure area should be larger than
8.3 Tesla, " stored current higher than 800mA and a low 150x]50mm2 in order to cover the whole images of coronary
energy injection system. The ring system with a circumfer- arteries using a two-dimensional imaging system.
ence of about 60m is feasible. Therefore, total photon flux in front of the patient's body

should be more than 2.25x1014photons/sec. Supposing the
1. Introduction monochromator diffraction efficiency of 60% [5], the total

The K-edge subtraction method is effective for coronary photon flux in front of the monochromator should be more
angiography by peripheral venous injection [1][2][3]. This than 3.8x1014photons/sec.
method demands intense monochromatic X-rays whose C. T7he third higher harmonics
energy is 33keV, if we select iodine as a contrast material. On the other hand, the third higher harmonics ( 99keV X-
Synchrotron radiation is very intense and it allows selection of ray ) diffracted by a Si crystal monochromator also comes into
monochromatic X-rays. Recently, the number of patients the imaging system [3]. So, the photon flux density due to
suffering from ischemic heart disease is increasing. Coronary that should be less than 3% of the photon density at 33keV in
angiography is a standard method for diagnosis of coronary order to avoid deterioration of the image contrast.
artery diseases. Since it is an invasive method using a catheter
inside a peripheral artery, it has a little peril, although it gives 3. Radiation source
excellent images. If a sufficient image quality for coronary Wiggler magnets are suitable for meeting these three re-
angiography could be obtained by intravenous injection of the quirements. The spectral photon flux from a wiggler magnet
contrast material, the patients would be examined safely and is given by the next equation [4]:
painlessly.

Development of K-edge subtraction systems was initiated N(E) = Ca E 0 1 N AE/E S(X) (1)
by E. Rubenstein etc. in U.S.A. [21; in Japan, a two-dimen-
sional imaging system is being developed [1][3]. So, we de- where the coefficient, C=4x1011GeV-'mrad-'mA-'sec-'
signed a compact storage ring system dedicated to coronary (I%BW)-', E the beam energy in GeV, 0 the angle of the
angiography using a two-dimensional imaging system. radiation cone in mrad, I the beam current in mA. N the pole

number of the wiggler magnet, AE/E the spectral band width in
2. Requirements for SR % and S(X) a mathematical function defined by:

A. Photon flux
High intensity of monochromatic X-rays at 33keV is 9 v f8

required for K-edge subtraction method using iodine as the S(X) = ".-. " X. K. (z) dz (2)
contrast material. The photon flux density of X-rays at

33keV should be 101°photons/mm2/sec on the front surface of
the patient's body with the conditions as follows: patient's with K5/3 being a modified Bessel Function. The radiation
body thickness (water equivalent) of 150mm, pixel size of a spectrum given by S(X) with X=6/c is characterized by the
digital image of 0.3x0.3mm 2 and exposure time per one critical photon energy given by:

image of 2msec.
If the 33keV photon flux density is I010photons/mm 2/sec in = C E2B (3)

front of the patient's body, it decreases to 5.5x10 V" C
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Beam current 8OrmA Table 1 Machine design parameters
Wiggler pole number 3(1 Main)
Angle of radiation cone 12mrad
Spectral width 0.3% Beam energy, E

Operating 1.75 GeV
105 , Injection 250 MeV

"Beam current, I Soo mA
Lattice structure Chasman-Green

u Number of auperperiods 2
W Harmonic number , h 101

Circumference 60.6 m
C RF system parameters
rO Frequency 500 MHzo Voltage, V 1.5 MV
0 Momentum compaction factor 0.040567
0. 3.8 Betatron tunes

S10' Horizontal 3.24
X Vertical 2.32

Natural emittance .x0mrd
4- at 1.75 GeV 4.5x10-7 m-rad

c Bbat 250 MeV 9.2x10-9 m-rad
2 SR energy loss per turn at 1.75 GeV 339.4 keV

0, ( Wiggler parameters
4 - Peak field 8.3 Teals
D6 4 Pole number 3 (1 Main, 2 Sub)

> SR critical energy
a Bending magnet 3.0 keV

Wiggler 17.0 keV

10o, - L low energy injection is adopted so that an injector oinac) can

0 5 8.3 10 15 be compact. At the time of injection, the wigglers are excited
proportional to the magnetic field strength of the bending

Wiggler maximum field (Tesla) magnets, because there is much difference in the betatron

Fig.1 33keV photon flux from a wiggler as a function tunes between when wigglers are excited and when not excit-
of the maximum field strength of the wiggler ed. The design code MAGIC [6] has been used to calculate
(The shaded portion is the acceptable area) machine parameters and lattice functions, and the design code

ZAP [7] also has been used to study the intrabeam scattering

where the coefficient, Cc = 6.64x10"7 GeW 1Tesla- 1, and B the in order to estimate the emittance at the time of the low energy

field strength of the wiggler magnet in Tesla. In order to injection.
obtain a horizontal photon beam width of 150mm at a distance
of 12.5m from the radiation source, the horizontal angle of the 5. Layout plan of facility
radiation cone should be greater than I2mrad. A spectral band A layout plan of a SR facility dedicated to coronary angi-
width of 0.3% at 33keV is produced using a lapped silicon ography using the storage ring described above is shown in

monochromator [5]. A wiggler magnet whose pole number is Fig. 2. A linac is placed on the underground level, in order to
3( 1 Main, 2 Sub ) is easy to make because it's the simplest accommodate three other experiment rooms. SR angiography

form. The supposed beam current is 800mA; this seems rooms, X-ray control rooms, medical treatment rooms etc. are

feasible with little development of the storage ring. 50cm higher than the ground floor level, because the diffract-

In Fig. 1 the available 33keV photon flux from a wiggler as ed X-rays by a Si(31 1) single crystal monochromator go

derived from Eq.(I) is shown, for a parameter of different upward at an angle of about 13 degree. Radiation shields and

electron beam energies, as a function of the maximum wiggler pillars in the underground level are placed at the same location

magnetic field. On the broken line, the rate of the third higher relative to the ones on the ground level in order to support the

harmonics photon flux relative to 33keV flux is 3% [4]. In the structure on the ground.
upper region of the broken line, the ratio of the third higher
harmonics is more than 3%. As the photon flux of the third 6. Conclusions
higher harmonics must be less than 3% when compared to that An electron storage ring system dedicated to coronary

at 33keV and the 33keV flux of 3.8x10 1 'photons/sec is de- angiography using a two-dimensional imaging system was

sired, the acceptable area is in the shaded portion of Fig. 1. designed. The system is feasible, needing little development
Thus as a best choice of a beam energy of 1.75GeV and a to store a high electron beam current of more than 800mA and

maximum wiggler magnetic field of 8.3Tesla have been to give a high magnetic field of more than 8Tesla. The photon

adopted, because the lower the electron beam energy, the flux density of 1010-]0 1 1photons/mm2/sec on the front surface

shorter the diameter of an electron storage ring. of the patient's body after expansion of the photon beam to
150x150mm 2 is possible. The electron beam energy of

4. Storage Ring 1.5-2.0GeV and the magnetic field of the wiggler magnet of

The lattice of our storage ring is the Chasman-Green type 5-1OTesla are suitable for coronary angiography, because of

in order to avoid an excess increase of emittance; it was the limitation of the third higher harmonics. Therefore, if

chosen due to it's ability to control the dispersion function at much more photon flux density is desired, development of

the insertion point of the wigglers. storage of a high beam current of more than IA or a multipole

The machine design parameters are shown in Table 1. The wiggler whose pole number is more than 15 is needed.
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Report on DELTA, One Year Before Routine Operation

Niels Marquardt
DELTA Group, Institute of Physics, University of Dortmund

4600 Dortmund 50, Germany

Abstract nearly constant beta functions for magnetic insertions. Ac-
cordingly, the DELTA storage uing in conjunction with its

A status report of the Dortmund ELectron Test Acceler- FEL undulator devices [2] has been be optimized to provide
ator DELTA [1] in its final phase of construction is pre- radiation of unprecedented beam quality, concerning high
sented. DELTA is a 1.5 GeV 3 rd generation synchrotron intensity (0.1-0.5 A for 1 to 12 bunches), low emittance
light source designed for low emittance (10-8 m rad), high (10 nm rad), large coherence and short time structure.
currents (500 mA for > 12 bunches) and beam life times Other characteristics of this third-generation light source
of > 10 hours, which is dedicated to free-electron-laser are its short damping time (about 4 msec) and bunch
(FEL) and accelerator-physics research and development, length (2 cm) and large energy spread (< 10-3), qualities
With the first FEL experiment [2], already funded and to which are indispensible to obtain a large FEL gain. More-
be installed in one of the two long straight sections of the over, the flexible optics with variable ernittance and en-
racetrack-shaped storage ring, DELTA represents a new ergy, the high beam stability due to its low impedance and
Storage-Ring-FEL facility. After first oscillator operation the long lifetime (about 10-20 hours) due to optimum vac-
in the visible (planned for end of 1994), FEL experiments uum conditions, make DELTA an ideal test machine. Ma-
in the VUV clearly below 100 nm are foreseen. In the sec- chine experiments are planned for investigating beam sta-
ond long straight section an asymmetric superconducting bility, machine-parameter dependencies and for developing
wiggler, providing 1 Angstr6m radiation, will be installed all kinds of accelerator components and diagnostic tools.
in the future and used as wave-length shifter. A predesign Accordingly, one aim is to develop a fully automatic di-
study of this second insertion device has been performed agnostic and computer-control system. A predesign study
already. Details of the construction of DELTA and present has been undertaken for constructing also an asymmet-
status of most hardware components of 100 MeV LINAC, nic superconducting wiggler, producing short-wavelength
booster synchrotron, storage ring, vacuum system, beam radiation with a high degree of polarization, suitable for
lines and first FEL experiment will be discussed. a large variety of research applications [3]. As a univer-

sity institute, the DELTA facility with its relatively small
storage ring of 115 m circumference will serve as an ideal

1 INTRODUCTION instrument for the education of students, technicians and

physicists in accelerator technology.
The high-brilliance 1.5 GeV synchrotron light source
DELTA dedicated to FEL and accelerator-physics research
has been described previously in a technical status report 2 STATUS OF THE PROJECT
and several publications [1]. In contrast to most other
synchrotron-radiation sources, DELTA will not be a user -Building and Infrastructure-
machine. Instead of being available for long-term research After funding of the DELTA project has been approved
experiments and industrial applications, the purpose of end of 1989, work on the final design of the three machines,
DELTA is different. It represents a test facility for re- 100 MeV LINAC, booster synchrotron and storage ring,
search in radiation and accelerator physics, for preparing continued in 1990. Besides these design activities parts of
and testing of experimental setups and for performing mea- an old LINAC from the University of Mainz were shipped
surements with very special beam characteristics, to Dortmund and rebuilding of this machine has started for

When designing the machine, it was noticed that a its use as preinjector. End of 1990 ground breaking of the
triplet focussing cell with strong bending fields (max. 1.5 laboratory site happened and from May 1991 till June 1992
T), as the reflection symmetric version of the FODO cell, construction of the laboratory building with its 40 m by 74
represents optically the most flexible separated-function m large accelerator hall and its offices and laboratories was
structure. Besides this triplet focussing, the DELTA lat- performed. Since moving into the new building trafo sta-
tice provides two long dispersion-free straight sections with tion, power-supply circuits, cabeling and many other parts

0-7803-1203-1/93$03.00 0 1993 IEEE 1471



of infrastructure have been installed, the concrete wall for
radiation protection erected and the electronical and me-
chanical workshops and the vacuum lab equiped and put
into operation. Radiation safety and interlock system is
under design. Most parts of the cooling-water and heat-
exchange system with cooling tower and tube circuits are
mounted.

-Accelerator Components-
The components of the old Mainz LINAC are under test,

in particular klystrons and accelerating structures (with 40
MeV/section particle energy at 20 MW pulsed RF-power
and 2.9985 GHz operating frequency). A new design of
the LINAC focussing system is completed, the buncher
section, built by LAL in Orsay, was delivered, the 3 GHzr vcuumRF-system is ready, PFN and klystron tanks are under Io-n-,i-c•.

construction, a new design of the LINAC modulator has
been developed in cooperation with the University of Bonn
and its construction has been ordered. A new pulsed triode
gun with integrated pre-buncher cavity is under test.

The status concerning booster and storage ring is the
following. Design work for beam transfer between the ac-
celerators and the injection and ejection systems are fin-
ished. The corresponding beam lines, focussing elements
and the various kicker magnets and septum tanks are un-
der construction. A simple, new kicker design of very
low impedance has been invented by DELTA (see fig. 1). Figure 1: Sketch of the new kicker design showing the
Whereas the magnetic elements of LINAC and transfer particular geometry of the 12 mm wide slit cut into the
channels are being built at Dortmund, the kicker and septa beam-chamber and the field distribution inside the vacuum
tanks will be built by the KFA-Jiilich. Prototypes are ex-
pected to be ready in late summer of this year. The girders
to support the magnets for all machines and transfer chan-
nels are installed. The series production of quadrupole and
dipole magnets is in progress. More than one half of all fulfill the following three basic requirements : (i) stored-
magnets, which are identical for booster and storage ring, beam lifetime of the order of 10 to 20 hours; (ii) smooth
is already in house and has been mounted on the mag- and uniform beam chambers along the circumference of the
net girders. Field measurements were found to be well storage ring; (iii) short vacuum-conditioning times, which
within the tolerances. Whereas the yokes of the sextupole is indispensible for a test accelerator. In order to real-
magnets will be manufactured by the lab workshop, the ize these particular features for a machine with closely
coils will soon be ordered from a company. The correc- arranged magnets of small apertures (50 mm) and vac-
tion coils will also be made by industry. Manufacturing of uum vessels of low longitudinal conductance, a number
quadrupoles and dipoles of the transfer lines has started of technical novelties were introduced at DELTA. For the
in house. Ion-clearing electrodes are designed and foreseen first time a vacuum vessel of keyhole cross section, to-
for the booster only. The main power supplies for the two tally made of stainless steel (316 LN), with an antecham-
dipole circuits and the two klystron amplifiers arrived early ber all along the inner side of the ring circumference has
this year. The chopper power supplies for the quadrupoles been constructed and successfully manufactured. Inside of
and the power supplies for steering coils, LINAC beam this chamber both types of distributed UHV pumps are
transport etc. are ready. mounted at some locations side by side, namely ion-getter

The topology of the DELTA control system consists of pumps of the diode-noble-gas type and non-evaporable-
the display level (HP grafic workstations), the control level getter pumps (St 707). External lumped ion-getter pumps
(risc workstation as databases) and the process level (VME (IP's) and titanium-sublimation pumps (TSP's) are addi-
CPU's with VX-Works). For the field level an object ori- tionally installed. The type of flanges and gaskets (VAT-
ented fieldbus system (CAN bus), nowadays widely spread SEAL) with their very particular keyhole aperture used at
as industrial standard, is foreseen because of its high func- DELTA are other novel features. All these design criteria
tionality, data security, flexibility and easy programming were described elsewhere [1]. The prototype hardware was
and timing. tested in detail. The series production of UHV chambers

-UHV System- and integrated pumps is well on the road and all chambers
The DELTA ultra-high-vacuum (UHV) system has to with these pumps will be ready before the end of this year.
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Figure 2: Floor plan of the accelerator hall with LINAC, booster and storage ring, together with radiation-protection
wall and the various beam lines.

A new design of a very flexible compensator, made of a wall for radiation protection and the various beam lines
double-membrane bellow and a two-sided RF shield, has from bending magnets, FEL undulator and superconduct-
been developed to interconnect the vacuum vessels. All ing wiggler, respectively.
external pumps, IP's and TSP's, mounted in a common
housing, were delivered already. 3 SUMMARY

-SR Sources, Beamlines and Experiments-
Although DELTA will not be a user machine, a number A status report of the construction work at DELTA has.

of synchrotron-radiation (SR) beam lines will be provided been given. The project is on time. The first stored beam
for a variety of user experiments. Three sources of very dif- is expected to circulate in early summer of 1994.
ferent radiation characteristics will be available at DELTA,
namely the photon flux from bending magnets (E' =
2.26keV; 2.5*1010 photons) and that from two different in- References
sertion devices, from the undulator [2] of the first FEL
experiment (FELICITA I with E, = 27eV; 2.5*1012 pho- [1] N. Marquardt et al., DELTA, a Low-Emittance Stor-
tons) and from the superconducting asymmetric multipole age Ring as Free-Electron-Laser Radiation Source
wiggler [3] or wavelength shifter (E, = 8.23keV; 1.2*1011 Proc. 1989 IEEE PAC, Vol.2 of 3 (1989) 780;
photons; circularly polarized X-rays). In total, 5 beam N. Marquardt, The Dortmund Electron Test Acceler-
lines for radiation from the 1.5 T dipole magnets of the ator "DELTA", a New Low-Emittance Storage Ring
storage ring will be installed and one line from a dipole of of 1.5 Ge V, Part. Accel. Vol.33 (1990) 27;
the booster. Besides these conventional sources, the FEL N. Marquardt, Status of DELTA and Design of its
undulator and the superconducting wiggler, mounted in Vacuum System , Proc. 1991 IEEE PAC, Vol.5 of 5
the two long straights of the storage ring, will both pro- (1991) 2862;
duce radiation fans of quite different characteristics, which DELTA Group,DELTA Status Report 1990, Univer-
can be used by up to three experiments independently. sity of Dortmund, unpublished.
Whereas till now only a predesign study of the supercon-
ducting wiggler has been carried out [3] and a feasibility [2] D. N6tle et all DELTA, a new Storage-Ring-FEL Fa-

study is ordered from industry, the electromagnetic un- cethe Uirt (9 263.

dulator of the first FEL is already under construction.

FEL undulator and optical cavity with its control units [3] D. Schirmer, DELTA Int. Report (1992), unpublished;
will be ready for experiments soon after routine operation D. Schirmer, Proc. XV. Intern. Conf. on High En.
of DELTA will start. In fig.2 a floor plan of the acceler- Accel., HEACC 92, (1992), Hamburg, Germany.
ator hall is exhibited, with the accelerators, the concrete
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Lattice Design for the 1.T-GeV
Light Source BESSY 11 * Table 1: General Ring Parameters

E.Jaeschke, D.Krimer, B.Kuske, P.Kuske, M.Scheer, nominal energy 1.7 GeV

E.Weihreter, G.Wiistefeld energy range 0.9 - 1.9 GeV
circumference 240 m

BESSY mbH, Berlin, Germany number of cells 16
natural emittance e,. 6.1-10-9 mrad

1. Introduction natural energy width AE/E 7.0.10-4

damping times r. _ l,/r, 16.2 / 8.0 ms
BESSY II is a third generation synchrotron radia- hor. and ver. tune Q. ; Qj 17.84 ; 6.82

tion light source presently under construction at Berlin- natural chromaticity &. ;f, -45 ; -24
Adlershof /1/. BESSY II will go into operation at the end momentum compaction factor a 7.5.10-4

of 1997. In this paper, the main lattice features of the low number of dipoles 32
emittance storage ring are presented. Special aspects of bending radius 4.361 m
the design are a compact and flexible double bend achro- critical energy 2.5 keV
mat (DBA) lattice, which offers 16 straight sections at a max./min. hor. beta function 17.2/0.384 m
circumference of 240 m. About 3 superconducting wave max./min. ver. beta function 20.5/2.44 m
length shifters (WLS) are foreseen for operation. max. dispersion function 0.415 m

2. General Design Goals

For the DBA type we obtained good results for the emit-
The user requirements for the dEsign storageringoale tance and the dynamic aperture. Since the BESSY II ring

discussed in the design studyo/2/. The man design goals is designed for an effective use of IDs, the number of 14 us-
are a low natural emittance of the order of 5.10o rtad m able straight sections further supports the DBA solution.
and a large number of long, straight sections for insertion The main parameters of the DBA are summerised in the
devices (IDs). Recently, there was a further demand for Tab. 1, and Fig. 1 shows the lattice functions of half a
about 3 superconducting WLSs, compatible with the low unit cell.
emittance operation of the ring.

The WLSs will be used for micro mechanics application In order to tune the DBA lattice to the theoretical min-
and for radiation-metrology. A detailed study of the effects imum emittance, a long achromat with a minimum of the
of these WLSs on the beam emittance and beam stability horisontal beta function is necessary. We did apply a dif-
was done in /3/. It was found that for the operation of ferent approach by choosing a very compact achromat to
the WLSs at low emittance conditions, a horisontal beta obtain space for more unit cells around the planed circum-
function of %O.80 m and a vanishing dispersion at the WLS ference. We are away from the minimum emittance by a
location are required. factor of 3 but we obtain the required emittance through

The early plan was to build the BESSY II ring close to the larger number of unit cells (e. oc 1/(number of cells)).
the present BESSY I site at Berlin-Wilmersdorf. Because
of space limitations there, a 10-fold triple bend achromat 25...
(TBA) was the favoured solution /4/. After the reunifica- |i

tion of Germany, a new site for BESSY II was chosen on
the former site of the East German "Akademie der Wis- 20. ___

senschaften" at Berlin-Adlershof which offers a larger area. - V
With a circumference enlarged by 25% a compact double
bend solution is possible, which offers 16 straight sections, 1

14 could be used for IDs. For further information on the
general scheme of BESSY II see /1/. 10

3. The Storage Ring Lattice

Several achromats were studied for the storage ring lat-
tice, such as FODO types, triple bends (TBA) /4/ and

double bends (DBA). We found that the DBA was supe- -. _. _ ____
rior to other solutions with respect to the compactness of C .. . .. ,.
the achromat and the number of magnets required. Fig.1 Lattice functions of the BESSY II DBA cell.

" Funded by the Bundesministerium fur Forschung und Technologie
and by the Land Berlin.
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Table 2: Parameter List For Typical Insertion Devices

ID name, ring dipoles WLS1 WLS2 U11 U33 U25 dipole ID sum dipole sum
number of IDs, dipoles 1 2 4 3 4 32 14 32
length ID, dipoles [m] 0.60 0.70 4.00 3.30 4.16 0.856 44.5 27.4
field strength B0 [T] 7.5 5.6 1.1 0.58 0.46 1.3 - -

period length [m] - - 0.10 0.03 0.052 - - -

lin. tune shift AQ,') 0.044 0.026 0.018 0.0038 0.0031 - 0.190 -

non.lin. tune shift AQ, b) - - 0.0035 0.0083 0.0022 - 0.047

radiated power [kW] at 2.30 1.38 0.92 0.20 0.16 0.53 10.0 17.0
1.7 GeV and 100 mA

")= calculated at (3, = 2.8m; b)= octupole-like tune shift; calculated at fly = 2.8m and y = lcm;

To obtain horizontally parallel synchrotron radiation out of the achromatic bends.
of the undulators and for injection, a large beta function Harmonic sextupoles are required to reduce the ampli-
in the straight section is optimal, whereas for the WLSs tude dependent tune shift by a factor of -3 to a value of
operation a low beta function is required. To satisfy these .t0.1 for particles at the limit of the dynamic aperture.
contradicting demands we use a structure where the ver-
tical beta function is ;2.8 m in all straight sections, but • 4.0

the horizontal beta function is alternating between 16.6 m
an 0.75 m from one straight section to the next. 5.4 |

In this way we arrive at an 8-fold periodicity with 16 U 3.0
straight sections. The focussing in the high beta straights t 202is done by using a quadrupole doublet and in the low beta
straights by using a triplet. The length of the low beta a 2.0 40

straight is shorter than the length of the high beta straight .0
by the length required for the third quadrupole family.
Thus there are two types of straight sections, leaving free 1.0
space for IDs up to 4.71 m and 3.89 m in length. With

the third quadrupole family switched off, the lattice can
be tuned to a 16-fold symmetry. J.

There are 6 sextupole families required to correct higher -4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
order effects in the optics . The beta and dispersion func- beztupole strnugth S1 l//mi2
tions inside the achromat show nearly a 16-fold symmetry; 4.0

therefore two chromatic sextupole families are sufficient .
to adjust the chromaticity. For the harmonic correction
the two groups of straight sections require two different
families of sextupoles. The harmonic sextupoles are only 3.0.

differently powered but at equal locations in the straight s
sections to preserve the option for a 16-fold symmetry.

The 16-fold symmetric lattice solution shows excellent 2.0-2m

properties with respect to linear and non-linear beam dy-
namics but is not further discussed here.

4. Nonlinear Lattice Effects

While the work on the linear lattice was done using the 0.0
code LATTICE /5/, the nonlinear behaviour of the optics -4.0 -3.5 -3.0 -2.5 -2.0 -I'S -1.0 -0.5 0.0

was mainly studied using the codes BETA /6/ and RACE- sxtupole strength S1 [I/mi

TRACK /7/. For all tracking calculations, the setting of Fig.2 A contour-plot of the dynamic aperture as a function of
the chromatic sextupoles was adjusted to obtain a non- the strength of the two harmonic sextupoles in the low beta sec-
normalised chromaticity of +1 in both planes, required to tion. The aperture is measured at the high beta section with
suppress head-tail effects. P. = 16.6m (upper picture )and P, = 3.2m (lower picture), the

The higher order chromatic tune shift is reduced by the tracking results are given for 400 stable turns.
setting of the harmonic sextupoles, because the DBA does
produce some small second order dispersion (;3m) outside
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The optimum sextupole strength is found by compar- -
ing the dynamic apertures at different sextupole settings.
In Fig. 2 the dependence of the dynamic aperture on the •I = -3%
strength of the two harmonic sextupoles in the low beta 2.5 ...

section is shown. Both transverse planes are optimized si- " .
multaneously, and the result has a broad maximum. In/,/ = 0%
this calculation the second group of harmonic sextupoles 2

in the high beta section is kept at a fixed, optimized value./
The results are observed at the the high beta section. 5 ApI, = +3%

5. Effects on the Beam Due to Insertion Devices
I 0

In the final version, 14 IDs will be installed in the BESSY 0%
II ring. These IDs will cover 44.5m or 18 % of the ring (4 ID)
circumference. Beam dynamical effects of the IDs are sim- . -

ulated with 3-dimensional, highly periodic magnetic fields
derived from the scalar potential of the type:- 3 ,

-4 -3 -2 -1 0 1 2 3 4 C114

V = -(Bo/kl,) cos k~z sinh ky Coske k 2  k2
Vs 3 - Fig.3 Dynamic aperture results for 1000 stable turns with small

and k. = 5k. to simulate a small transverse gradient. The errors activated to break the ring symmetry. The calculation
o l t for the bare lattice was done at a momentum deviation of -3%,

period length wa of the ID in longitudinal direction A i 0% and +3%. The beta function at the observation point are
related to the wave number k by the expression A = 2ir/k. = = 16.6m and P, = 3.2m. For the nominal momentum a

This field expansion is probably good for IDs with many tracking example is shown for a filling of the ring with 14 IDs
periods and negligible entrance field effects. For the track- leaving the other parameters are unchanged.
ing simulation of these types of IDs a fast and precise track-
ing routine was developed /8/. The WLS with only one
main pole and a strong linear term was studied by taylor- 6. Acknowlegments
ing a tracking routine to the explicit magnetic field shape
/3/. However, for our low beta section a simplified ap- The authors would like to thank our colleagues from
proach based on the above field expansion was possible as the laboratories DESY(Hamburg), ELETTRA(Trieste),
well. GSI(Darmstadt), INP(Novosibirsk), MPI(Heidelberg) for

A parameter listing of typical IDs used in the tracking fruitfull and helpfull discussions.
simulation is given in Tab. 2. Furthermore, a linear and
nonlinear tune shift can be estimated due to quadrupole- References
and octupole- like fields acting mainly in the vertical plane. /1/ D.Krimer, Status of BESSY II, the High-Brightness Syn-

In the tracking simulation, the linear effects of the IDs chrotron Radiation Source in the VUV to XUV Range, contri-
are corrected by simply readjusting the global tune with bution to this conference.
the doublets in the high beta sections. For the WLSs we /2/ BESSY II-Eine optimierte Undulator/Wiggler-Speicherring
did apply in addition a local quadrupole (triplet) correc- Lichtquelle fur den VUV-und XUV-Spektralbereich,Teil 1, 1986
tion to cancel the beta beat. Since the beta beat is not und Teil 2 Technische Studie, 1989.
always explicitly canceled in the present method, there re- /3/ M. Scheer, G. Wfistefeld, "Impact of a Wavelength Shifter
mains a beating of up to -30%. We still could apply a full on the Performance of the Synchrotron Light Source BESSY
correction of the beta beat introduced by an ID with the I1", Proceedings of the 3rd European Particle Accelerator Con-
adjacent doublet. ference,Berlin,1992.

The effects of the IDs on the transverse beam dynamics /4/ B.Kuske, G.Isoyama, H.Lehr, G.Wiistefeld,"Layout of the
was simulated by the tracking codes BETA and RACE- BESSY II Lattice",Proceedings of the 2nd European Particle
TRACK. Results of the tracking simulation with and with- Accelerator Conference,Nice,1990.
out 14 IDs are presented in Fig. 3. All tracking calcula- /5/ Philip F. Meads, Jr., Oakland, CA, USA, Private Commu-
tions are done with small position and strength errors of nication
the magnetic elements. These errors generate closed orbit /6/ L.Farvaque, J.L.Laclare, A.Ropert,BETA,ESRF-SR/LAT-
oscillations with an rms value up to 5mm. The presented 88-08
results are not corrected with respect to these errors in or- /7/ A.Wrulich, RACETRACK A Computer Code for the Sim-
der to simulate a symmetry break of the optics. Further ulation of Nonlinear Motion in an Accelerator,DESY 84-026
tracking studies, based on realistic errors and their correc- (1984)
tion and also including some skew quadrupoles at the IDs /8/ J.Bashdt, G.Wfistefeld, Canonical Particle Tracking in Un-
location have been done but are not presented here. dulator Fields, Proceedings of the 1991 IEEE particle acceler-

ator conference, San Francisco,USA.
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The Synchrotron Light Source ROSY

D.Einfeld, H.BOttig,S.Dienel, W.Glaser, Th.Goetz*), H:Guratzsch, B.Hartmann,
D.Janssen, H.Krug, J.Unnemann, W.Matz, J.B.Murphy+), W.Neumann, W.Oehme,

M.Picard*), M.Plesko-), D.Prdhl, R.Rossmanith#), R.Schlenk, D.Tomassini-), H.Tyrroff

Research Center Rossendorf Inc., Box 51 01 19, D-01314 Dresden, Germany
*): University of Bonn, Germany, +: NSLS Brookhaven, Upton NY, USA

): Sincrotrone Treste, Italy, •): CEBAF, Newport News, VA, USA

Abstract: II. LATTICE
ROSY, a 3 rd generation synchrotron radiation

source, has been proposed to be built at the Research As lattices for SR-sources the FODO-, DBA- and
Center Rossendorf in the region Dresden of the country TBA- structures are well known and discussed in many
Saxony in Germany. ROSY will be dedicated to material papers [3 - 7]. Substantially different is the behaviour of
research and industrial application. The critical a modified OBA-structure [8]. One gets with this lattice
wavelength of the synchrotron radiation spectrum has to a low emittance as well as a smaller circumference. The
be 0.15 nm corresponding to a critical photon energy of idea of the Modified QBA-Optics has been adopted for
8.4 keV. Electrons with an energy of 3 GeV deflected in ROSY.
a 1.4 T bending magnet provide this spectrum. It is The achromat (Figure 1) contains three bending
proposed to use a "Modified Multiple Bend Achromat magnets named B2 and BM. respectively with a
(MBA)" lattice in order to get a compact machine as well deflection angle of 20 degrees as well as two bending
as a low emittance. For 3 GeV an emittance smaller magnets (61) with 15 degrees. The bending magnets
than 30 nm rad can be obtained. With a fourfold are also vertically focusing in order to built a compact
symmetry and two larger straight sections within the machine and to obtain a minimum of the IOx and -nx
achromatic arcs the circumference is 148.1 m. 23% of functions within the magnets. This minimum of both
the circumference can be used for installing insertion twiss functions results in an optimized emittance. Due to
devices. The natural chromaticies and the the gradient in the bending magnets the emittance will
compensating sextupole strengths are moderate, the be further reduced, because the partition function Jx is
dynamic aperture as well as the momentum acceptance larger than one. With this lattice one gets for a 3 GeV
are sufficient. machine and a circumference of 148 m an emittance of

less than 30 7c nm rad. The cross section of the beam in
I. INTRODUCTION the middle of the bending magnets is roughly a circle

with a radius of 200 jim.
In the region Dresden of Germany exists a ROSY has a fourfold symmetrie (Figure 1) with

concentration of institutes and universities working in 4.1 m long straight sections. The dispersion function in
the field of material research, solid state- and surface this four regions is zero in order to obtain a high
physics. All these institutes require a synchrotron brilliance from the insertion devices. To reduce the
radiation source for analytical purposes. The Research influence of wigglers and undulators on the behaviour of
Center Rossendorf as the biggest of these institutes will the lattice the P3y functions have been fitted to small
use the synchrotron radiation source in material values. Within the arc of the achromat there are two
research related to ion beam techniques as well as in more straight sections with a length of 3.5 m. Four of
radiochemistry, nuclear physics, biomedical- and the eight straight sections are used for the injection, the
radiopharmaceutical research [1]. The Institute of Solid rf-cavities and the beam diagnostics. The four other
State and Material Research as well as the Institute of sections within the arc can be used for insertion
Polymer Research, both located in Dresden, cover a devices. Because of their non-vanishing dispersion
wide field of applications too. The Fraunhofer Society function the brilliance is here smaller than in the 4.1 m
runs establishments with active among others in the long straight sections. They are useful for many
fields of layer technology, ceramics, sintered materials experiments wherever the photon flux is important. The
powder metallurgy, electron beam- and plasma Py function has a minimum in this region and reduces
technology. Beside all this activities in Saxony research Me influence of the wigglers. The main parameters ofinstitutes in Poland and Czechia are also interested in the storage ring ROSY are given in Table 1.
using the light source ROSY [2]. According to the
demands of the research fields mentioned above ROSY Ill. DYNAMICAL APERTURE
should emit synchrotron light in the energy region
between 5 and 18 keV with a high brilliance. The With respect 'o the dynamical aperture a lot of
emittance should be small and the design of the source working points have been investigated. It is possible to
must have enough space for installing insertion devices. run ROSY in the region 7 .S•Qxs 9.2 and 3 .0:Qy•S.5.
In short, ROSY has to be a 3 rd generation light source. y
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Fig. 1: Layout of the 3 rd Generation Synchrotron Light Source ROSY including the Lattice and Twiss Functions
within one Achromat

Tab. 1: Main Parameters of the Light Source ROSY

Critical Energy of S.R. Ec 8.4 key Number of Quadrupoles (QP)
Critical Wavelength kc 0.15 nm 0.2810.4/0.6 m 24/24/8
Energy of Electrons E0  3.0 GeV Max. Gradient in QP 20 T/m
Electron Current 10 0.1 (0.25)* A QP-Strength K 2 m-2
Nat. Emittance Enat 28.6 xc mm mrad
Beam Uife Time rb Ž6 hrs. Number of Sextupoles (SP) 0.1lm 56

Duff. Gradient G' 262 T/m2

Lattice structure Modified MBA SP-Strength M 35 m-3
Circumference U 148.1 m
Periodicy of the Lattice 4 Injector LINAC
Natural Energy Width 0.1 % Injection Energy Einj 800 MeV
Momentum Compaction a 7.21i0-3 Pulse Current lnp 10 MA
Radio Frequency f 352 MHz Pulse Repetition Rate 10 Hz
Working Points Qx~Qy 8.84/4.75 Pae o neto eie

Nat.Chroatic 4xy -1.5/.1.1 (23 % of the total Circumference)
Number of Dipoles 150/200 8/12 Length of Straight Sections 4.1/3.6
Radius of Curvature on Orbit P0 7.148 m (win a future phase of ROSY Is planned, to store 250 mAMagnetic Field on Orbit Bmax 1.4 T eetosGradient In the Dipoles 2.018 T/m eetos

1478



dynamic aperture

The favorite working points are Qx=5.13 / 0 -8.72 and
Q, -8 84 1 0 - 4.75. The dynamic aperture ?Or the tune
QX=8.84 aaI0y4.75 are given In figure 2. These 200
calculations have been done with four wigglers in the e
straight sections and four undulators in the arcs. The
code used was RACETRACK [9]. The dynamical .
aperture with X260 mm (ý_-120 ax) and Y>_15 mm (z190
.ay gives enough space for the injection and a long 10-0 'I

beam life time.e

SA t

IV. COMPONENTS OF ROSY

For the time being a lot of 3 rd generation light sources -WA 460.0 -40.0 -20.0 0.0 20A0 40. 60.0 80.0

have been built. ROSY "takeis adventage of this fact and energy dependence of tune
most of the components for ROSY will be copied or
modified using the experiences and cooperations of *.0.,

other laboratories.
The basic design of the bending magnets and the .0.2.~-- ~-- -

quadrupoles; is that one of ELEUTRA,, only the pole
shape will be redesigned in order to obtain the gradient o.3
desired. For the sexdupoles we Intent to use the ESRF
design because of its additional steerer function. -OAS -oA4 *0.0 -0 02 0.01o -0.00 0.01 O.0 0.03 0.04 0.0S

A comparison between well established rf-systems tune shift With amplitude
(ALS. LEPIESRF. ELETTRA.DORIS.PETRA) led to the ________________

choice of two LEP cavities (101 because of the lowest
power consumption at the required parameters (cavity 0.0 .*-

peak voltage of 3450 WV quantum lifetime 10 hrs..
beam power 118 kW 1295 kW respedively at O-z
le=0-1N025A). -__-------

As the basic concept for the control system is to 0."
be proposed a distributed control system with four
network layers. Further details can be seen in [11 ]_0t
The vacuum system is designed in a dose cooperation
with DESY.We intent to use the HERA profile for the -40.0 -30.0 -20.0 *10.0 0.0 10.0 20.0 30.0 40.0

vacuum chambers. VERS.:A WIGGL and UNDUL
Fig 2: Dynamic Aperture and Tune Shift with

V. ACKNOWLEDGEMENTS Momentum as well as Amplitude for ROSY. Solid line:
IAplp: 0. Dotted line: &pip: +21%. Dashed line: 12pfp:-2%
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A SOURCE OF SYNCHROTRON RADIATION FOR RESEARCH AND
TECHNOLOGY APPLICATIONS

V. Bar'yakhtar*, E. Bulyak, V. Chechetenko, A. Dovbnya, S. Efimov, A. Gevchuk, P Gladkikh, I. Karnaukhov, V. Kozin,
S. Kononenko, V. Likhachev, V. Lyashchenko, V. Markov, N. Mocheshnikov, V. Molodkin*, V. Moskalenko, A. Mytsykov,

V. Nemoshkalenko*, Yu. Popkov, A. Shcherbakov, A. Shpak*, M. Strelkov, A. Tarasenko, Yu. Telegin, V. Trotsenko,
A. Zelinsky

Kharkov Institute of Physics and Technology, 310108 Kharkov, Ukraine;
*Metallophysics Institute of the Ukrainian Academy of Sciences, 252142 Kiev, Ukraine

Abstract sections, we have preference to the TBA-type lattice as
providing higher photon beam parameters even though being

The synchrotron ring for the scientific and industrial more complicated in the structure. The main physical
applications in designed at Kharkov Institute of Physics and parameters of the storage ring are presented in Table 1.
Technology. The ring is dedicated for Ukrainian Synchrotron Table 1.
Radiation Center in Kiev. The synchrotron light generating Electron beam energies, MeV
by the 800 MeV electron beam with current up to 200 mA injected 120
and the radiation emittance of 2.5* 10-8 m*rad will be utilized nominal 800
by 24 beam lines. Two wigglers and an undulator will be top 1000
inserted into the magnet lattice. The ring lattice is to provide Stored current, mA 200
large enough dynamic aperture and to decrease sensitivity to Perimeter, m 46.729the collective effects.Pemtrm4.2

Number of dipole magnets 12
I. INTRODUCTION Magnet curvature radius, m 2.005

The report is concerned with a source of synchrotron Magnet length, m 1.05
radiation (SSR) which is to be the base facility in the Magnetic field, T (800 MeV) 1.34
Ukrainian Research Center of Synchrotron Radiation in Kiev Field index 3.0
for fundamental and applied research. A beam of 800 MeV Vertical gap, mm 36.0
electrons at a current of 200 mA and a radiation emittance of Number of quadrupole lenses 24
2.5* 10-8 m must ensure investigations in X-ray lithography, Lens length, m 0.2
photoelectron spectroscopy, EXAFS, ets. It is anticipated that Highest gradient, T/m 2  300
the SSR will have up to 24 SR channels, including three Betatron tunes
channels formed by special insertion devices, viz., wigglers horizontal Qjvertical Q, 4.26/3.20
and undulators. On designing the facility, special attention Momentum compaction factor, 4 0.0247
has been given to the dynamic aperture and collective effects.

Many physical methods of research in the fields of Natural chromaticity, Q'/, -7.27/-7.24

fundamental (in particular, atomic and molecular physics, Damping times, its T.P/rj/x 8.77/13.87/9.76

biology) and applied sciences (materials science, Emittance,nm rad s6JF, 27.6/1.38
microelemental analysis, medical diagnostics, etc.) involve Energy spread, % 5.8 10-2

the employment of synchrotron radiation. This report Energy losses per turn, keV 18.0
describes the proposals for the choice of the storage ring RF, MHz 699.3
structure and gives a brief outline of the principal systems of Number of bunches 109
the complex. The storage ring under consideration is Accelerating voltage amplitude, kV 200
expected to be the base research tool of the Synchrotron RF Power, kW 10
Radiation Center of the Ukraine (1]. Critical photon energy, keV 0.6

In the SSR-800 design, two main requirements were Flux, phot/(A*sec*mrad*0.1%BW) 1.25 1012
taken into consideration. These are the provision of high
spectral brightness of the source in the wavelength band
needed, and the possibility of extending the spectral range
employed. The storage ring lattice is a combined system comprising

To generate SR of the necessary spectral range, we have four superperiods (Fig. 1). Table 2 lists the lattice parameters
chosen the beam energy in the storage ring to be 800 MeV for one superperiod. The curved-ray trajectory part includes
and the field in bending magnets to be 1.34 Tesla. After three rectangular magnets with a bending angle of 300, a
careful tests and comparison between two types of the magnet curvature radius R=2.0053 m and the field index n=3, as well
lattice (Chessman-Green and TBA), comprising a four- as two horizontally focusing quadrupole magnets providing
superperiod racetrack with long dispersion-free straight achromaticity of the long straight part of the trajectory.
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two quadrupole magnets of the curved ray part and the ! ..-.... +.........--- ---------+--- x
vertical-correcting dipole magnets, ensure the stability of -. 30000 -. 15000 0.00000 0.15000 0.3000

radial and vertical motion. Fig. 2 shows the lattice focusing
functions for a superperiod (calculations were performed by Figure 3. Dynamic aperture. x: lost particles; $: stable
the DeCA program [21). The mode of the SSR-800 operation particles.
is characterized by a low radiation emittance, which is due to
a greater rigidity of the lattice. This leads to the increase in We have considered the effect of a three-pole wiggler
the natural chromaticity which can be compensated by with a field amplitude of 10 T on the beam dynamics in the
sextupole lenses mounted in the sections with a nonzero storage ring, which results in the tune shift (mainly, vertical),
dispersion. The dispersion-free section incorporates the AQz=0. 2, and the decrease in the dynamic aperture size. As a
second family of sextupole lenses to correct the dynamic result, the system of wiggler focusing was chosen. The added
aperture. Fig.3 depicts the computer-simulated dynamic doublets of quadrupole lenses placed at the wiggler ends
aperture in the center of the long straight section. It is seen provide a complete coincidence of the transport matrix of the
that with the sextupole compensation lenses turned on, the insert section with that of a standard long straight section. As
dynamic aperture is greater than the geometrical one. a consequence, the dynamic aperture has decreased by less

than 5%, and the linear optics of the lattice has been restored.
Residual gas molecules in the vacuum chamber of the

storage ring cause the scattering of circulating beam particles.
18 .. This involves an increase in the transverse dimensions and
16 the divergence of the beam, and also increases its losses. To

,4 betao attain the accetable beam lifetime value (about 6 h), which is
12 -determined in the storage ring mainly by the Touschek effect

B 10 and residual gas scattering, it is necessary to ensure a
St 10o Ps ' pressure of about 10-9 Torr and to mount ion clearing
6 , , electrodes.
4 As an injector, we intend to employ the 120 MeV

beta z
2 •electron linac, designed at the Kharkov Institute, with a
0 . .------- ---------- - 1 1_ pulsed beam current of 100 mA and a transverse emittance of

0 2h. 8 2x10 7m. The injection to the storage ring is accomplished in

the horizontal plane by means of three kicker magnets and a
Figure 2. Structure functions of the storage ring. magnet septum.
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Beam energy losses by synchrotron radiation and
parasitic losses in the vacuum chamber walls are
compensated with the help of a 10 kW RF (699.3 MHz) [I] E. Bulyak et al, "Synchrotron radiation source,"

system. The accelerating voltage of 200 kV chosen in view of HEPACC-92 Proceedings, Hamburg, 1992.

the Touschek lifetime, is provided by a single half-wave [21 A. Zelinsky et al, "Neew version 3.3 of the DeCA code,"

cavity, whose shape has been optimized against the shunt Proc. of the 11 EPA C, Berlin, 1992, pp. 685-687.

resistance at the main (operating) mode (n-cavity). As [31 Yu. Popkov et al, "A study of electrodynamic

calculations and measurements [31 indicate, this cavity has characteristics of the dummy accelerating cavity of an

lower coupling impedances at higher-order modes than the optimized shape," (in Russian), Prepr KhFTI 90-17,

cylindrical cavity has and, therefore, is less sensitive to the Kharkov, 1990.

excitation of coupled oscillations of bunches.
Sixteen pickup stations dnd a current transformer are

used to monitoring the beam in the storage ring.
We expect that the construction of the building for the

SSR-800 will be started in 1993, the fabrication and
installation of the equipment are scheduled for 1994, and in
1995 initial experiments using the SR will be started (four SR
dedicated channels at the first stage).
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Optimum Steering of Photon Beam Lines in SPEAR*
W. J. Corbett, B. Fong, M. Lee, V. Ziemann

Stanford Linear Accelerator Center
Stanford, CA 94309 USA

Abstract II. SINGULAR VALUE DECOMPOSITION
A common operational requirement for many

synchrotron light sources is to maintain steered photon In the course of studying modeling techniques for
beamlines with minimum corrector strength values. To SPEAR, we found that we could adapt a 'corrector
solve this problem for SPEAR, we employed the ironing' algorithm, originally developed by one of the
Singular Value Decomposition (SVD) matrix-inversion Y
technique to minimize corrector strengths while L
constraining the photon beamlines to remain on target. :
The result was a reduction in corrector strengths, -- ---- -- - --

yielding increased overhead for the photon-beam ( .... YD--YS ÷/y7

position feedback systems. = constant

I. INTRODUCTION Source Detector
4--a 73Ml

The SPEAR storage ring is a 234-m-circumference Figure 1. Photon beam positioning at detector
device operating with 3 GeV electrons. It is presently requires xs + Lxs= constant.
equipped with nine photon beam ports to serve a range
of synchrotron radiation user needs in the uv and x-ray authors for the SLC final focus [3], to SPEAR. In the SLC
regions. As with all synchrotron radiation devices, there application, the RMS excitation of correctors was
is a premium on maintaining the photon beams on reduced subject to the constraint that the beam position
target. remained constant in the sextupoles, and the beam

Using closed three-magnet bumps, Hettel [11 trajectory remained constant at the collision point. Since
pioneered the first feedback-stabilized servo loops to there were typically more correctors than constraints,
reduce photon-beam motion at detectors located about the technique of Singular Value Decomposition (SVD)
10 m from the radiation source point. These systems was used to solve the under-determined linear system,
proved to be reliable and are still in use today. The only exploiting the advantageous property of SVD to
problem with the servo loops, however, was the minimize the RMS of the solution vector which contains
occasional tendency for the feedback circuit to drive the corrector excitations.
corrector currents to the power supply limits. In SPEAR, the problem translated into reducing
Painstaking manual efforts were therefore made to corrector strengths across regions of the storage ring
reduce the initial corrector strengths so that the feedback with four or five consecutive photon beamlines while
loops had maximum operational overhead, keeping the photon beams fixed on target.

To further complicate the problem, the SPEAR BPM Geometrically, the constraint of constant photon-beam
system contains large DC readback errors, making it position required the electron-beam coordinates (y, y') at
difficult to steer the beams on target following the photon beam source point to satisfy A(y + Ly') = 0,
realignment of the magnets. In addition, the corrector to where L is the distance from source point to detector as
photon-beam position response can be non-linear shown in Figure 1. The A-operator indicates the change
because the photo-ionization chambers are non-linear, after the steering correction.
As a result, attempts to reduce the corrector strengths For the SVD calculations, typically, five target
while maintaining steered photon beams via measured photon-beam positions and two bump closure
response-matrix techniques proved futile. A solution constraints were used, with about twelve (variable)
was then found which utilizes the unique mathematical corrector strengths to be minimized. To optimize
properties of singular-value matrix decomposition [21 performance of the system, the accelerator-optics model
which was applied succesfully on SPEAR. used for the corrector-response calculation was derived

using numerical fitting techniques to match the
measured data [4]. For this application, the virtues of the
SVD solution were two-fold: (1) the solution satisfied the

"Work supported by Department of Energy constraints exactly (beams fixed on target), and (2) RMS
contract DE-AC03-76SF00515. reduction of the corrector-strength vector caused the
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largest current decrease in the initially strongest Y
correctors. The new corrector configuration therefore
exhibits optimum steering of the photon beams, leaving ID t p b c
maximum overhead for the feedback systems to operate. ý,q e

III. EXPERIMENTAL RESULTS e- Beam Trajectory
SI WS

Initial tests of the algorithm produced a 60% RMS Source Detector
reduction in the vertical-corrector strengths relative to 4.3

the nominal steered configuration. More important, aftera three-month shutdown with magnet realignment and Fig. 2. Drift/Negative Drift modeling technique
the decision to operate SPEAR with a new high- allows photon-beam detector to be treated similar

brightness lattice [5], a new corrector configuration had to nominal BPM.
to be found in which all photon-beam lines were steered Closed Orbit Control: The original closed-bump
properly. Using the corrector-ironing program, the SVD program for corrector ironing in SPEAR has been
steering procedure was simplified to a series of closed- modified for closed-orbit operation. In addition, the
bump corrector adjustments to position the photon photon-beam position constraint, A(y+Ly')=0, was
beams, followed by ironing the correctors to gain replaced with a new drift/negative-drift model whereby
overhead for the next iteration. In addition to producing the photon beam is propagated along a drift of length L
an optimally steered orbit, it was estimated that the from the source point to the detector, followed by a
corrector ironing program saved about one week of negative-drift back to the source point. The electron-
accelerator commissioning time. beam motion is then simulated farther downstream (see

One of the most dramatic demonstrations of Fig. 2). Effective response-matrix coefficients can be
corrector strength reduction came about after rough computed at the photon BPMs.
vertical beam steering was completed. In the first Orbit Feedback: Many third-generation light sources
iteration for the horizontal correctors, the RMS are considering SVD algorithms as drivers for fast-orbit
excitation of the horizontal correctors in SPEAR was feedback systems.
reduced from 1 mrad to 35 glrad, and still the beams
remained on target. Acknowledgments

IV. FURTHER APPLICATIONS The authors would like to thank Max Cornacchia for
supporting and encouraging this work.

Possible applications for the SVD-based, corrector-

ironing program used at SPEAR range from generating V. REFERENCES
closed bumps to modern orbit feedback systems [6].
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Establishment of a Tolerance Budget for the Advanced Photon Source Storage Ring*

H. Bizek, E. Crosbie, E. Lessner, L. Teng
Argonne National Laboratory, 9700 So. Cass Avenue, Argonne, IL 60439

Abstract so, when several errors are presenL In order to understand the

The limitations on the dynamic aperture of the Advanced dynamic aperture behavior in the latter case, we studied several

Photon Source storage ring due to magnet misalignments and levels of error values, starting with every error at its individual

fabrication errors are presented. The reduction of the dynamic tolerance limit2 and the subsequent levels with strengths re-
aperture is analyzed first for each error considered individually, duced proportionately. The resulting tolerance budget, shown
and then for combined error multipole fields in dipole, quadru- in Table I, represents those values for which, when construction
pole, and sextupole magnets, excluding and including magnet and alignment errors are combined, the extent of dynamic aper-misalignments. Since misalignments of the strong quadrupoles ture reduction, after correction of closed orbit distortions, is noin the ring induce large orbit distortions, the effects on the dy- greater than 50%. In general, combined multipole error toler-
namic aperture are investigated before and after orbit correc- ance budget limits are smaller than individual tolerance limitstion. Effects of off-momentum particles and dte tune depen- by a factor of five to ten. We note that in Table I the multipoletion.Effects ofofamomentum lso presented. This extensive coefficients refer to values at a radius of 1.0 cm, and are normal-dence with momentum are alopeetd hsetnie ized such that, for a 2n-pole magnet, bl- = 1.0 cm--n' 1, with the
analysis leads to the establishment of a tolerance budget. With magnet, bi-l p by:
all the errors set at the tolerance level, and with the orbit distor- magnetic field parametrized by:
tions corrected, the dynamic aperture reduction is no greater B = B0 >(b, + iaj)(x + iy)"
than 50% of that of the ideal machine. A-0

We also studied the combined normal and the combined
I. INTRODUCTION skew multipole errors separately. The combined normal multi-

The Advanced Photon Source is a 7-GeV synchrotron radi- pole errors alone, set at the budget tolerance limits, produce an
ation source designed for high brilliance. Its storage ring has average dynamic aperture reduction of about 43%. The corre-atin surc deignd fr hgh riliane. ts torge ag assponding combined skew multipole errors produce an average

a Chasman-Green lattice, with strong quadrupoles and chroma- reduction of about 35%. Both normal and skew errors together

ticity-correcting sextupoles. The sensitivity of the lattice to in-

dividual magnet errors was studied extensively, both analytical- yield a reduction of some 50%, as mentioned. The dynamic ap-
erture in the presence of multipole errors is shown in Figure 1,ly 111 and by numerical simulation [2], [3]. In this paper we where the ideal dynamic aperture is also shown for comparison.

present the results of studies of combined random magnet fab-

rication and alignment errors and the establishment of error 140- Multipole Error Fields
limits based on the extent of reduction of the dynamic aperture. 130- Budget Tolerances a. 0.342 nsm

When alignment and fabrication errors are combined, the 120- or -0.2OaMm

dynamic aperture reduction is expected to be large. Due to the 110-
strong focusing required by the low emittance, orbit distortions 10oo-
caused by quadrupole displacements can be considerable-the go- No s

APS storage ring has a large orbit-to-quadrupole displacement B A -..

ratiol, of the order of 50 [4]. Since orbit distortions are mainly z 7-- No-l60-,0

caused by dipole strength errors, dipole roll, and quadrupole 50.

misalignments, we have analyzed first, the effects of combined 40- Skew

errors that do not affect the closed orbit to first order, and then, 3c- a etr ctre d0
of all errors together. For the latter group, we determined the 20-. slow

dynamic aperture reduction both before and after orbit correc- 10 \Z/I
Lion. 01

-120-160 -& d0 -40-• 20 40 60 Wo

Nx

Figure I
II. MULTIPOLE FIELD ERRORS Comparisonof thedynamic aperture in presence of random normal mul-

We define multipole field errors as those which do not tipole errors fields (A); random skew multipole error fields (B); andran-
cause closed orbit distortions. Analysis of the lattice responses dom normal and skew errors combined (C). Error field components are
to variations of a single error strength is straight-forward; not at the budget tolerances. Axes are in units of the rms beam sizes at the

center of the straight section ((Y and oy). The bars represent the error
* Work supported by U.S. Department of Energy, Officeof Basic Energy spread over ten machines
Sciences under Contract No. W-31-109-ENG-38.

I Defined as the ratio of the rms quadrupole displacements and the rms 2 Defined as the error strength which reduces the ideal dynamic aperture
orbit distortions, by 5091. The submitted manuscript has been authored

by a Contractor of the U. S. Government
under contract No. W-31-109-ENG-38.
Accordingly, the U. S. Government retains a
nonexclusive, royalty-free license to publish
or reproduce the published form of this
contribution. or allow others to do so, for

1485 U. S. Government purposes.



Table 1 Error Tolerance Budget

Error Type Individual Tol. Budget Tol.

Roll angle misalignments of dipole magnets 1.0 0.5 mrad

Horizontal or vertical displacements of quadrupole magnets 0.1 0.2 mm

Error dipole fields in dipole magnets 2x10-3  lxl0-3

Horizontal or vertical displacements of sextupole magnets 0.2 0.2 mm

Normal quadrupole field errors in dipole magnets 4x10-4 I x 10-4 cm-1

Normal sextupole field errors in dipole magnets 3x10-4  1x10"4  cm-2

Normal octupole field errors in dipole magnets 3x10-4  lxl0-4 cm'-3

Error field gradients in quadrupole magnets 4x10-3  lxl0-3  cm- 1

Normal sextupole field errors in quadrupole magnets lxl10- 3  2x10-4  cm- 2

Normal octupole field errors in quadrupole magnets 3x10 4  2x104 cm- 3

Error sextupole field gradients in sextupole magnets 2xl0-2  4x 10- 3  cm- 2

Normal octupole field errors in sextupole magnets lxlO- 2  5x 10-3  cm- 3

Skew quadrupole field errors in dipole magnets 7x10-4  lx10-4  cm- 1

Skew sextupole field errors in dipole magnets 2xlO-4  3x10- 5  cm- 2

Skew octupole field errors in dipole magnets lx104  5x10-5  cm-3

Skew quadrupole field errors in quadrupole magnets 3x10-3  5x10"4  cm- 1

Skew sextupole field errors in quadrupole magnets 7x10-4  lxl0-4  cm- 2

Skew octupole field errors in quadrupole magnets 2x10-4  Ix10"4  cm- 3

Skew sextupole field errors in sextupole magnets 2x10-2  2x10- 3  cm- 2

Skew octupole field errors in sextupole magnets 2x10- 2  2x10-3  cm- 3

When momentum errors of 2% are added to multipole er- 0.5.

rors, the average reduction is 57%, 5% more than for on-mo- 0Mulbpoe and Momentum Errors
mentum particles. The horizontal tune shifts by 4 x 10-2 and 0.4& Budget Tolerances0.44-

the vertical tune by -5 x 100 with respect to the on-momentum 0.4.
0.40"

particles. The horizontal and vertical tune shifts due to the com- 0.3.
0.3&"

bined multipole error fields alone are -lxl 0-3 and -7x10-4, re- 0o3-0.32"

spectively. The tune variation due to the combined field and 2 . - -0- - - - -0 - -F0.
momentum errors can be seen in Figure 2. .

C 0.24.
0.2" ". x -------

. 0.12- Fl

III. CONSTRUCTION AND
ALIGNMENT ERRORS 0.12-

As expected, the dynamic aperture reduces drastically 0.- n
0.06when orbit distortions are added to construction errors. Multi- 00.

pole errors at the budget tolerances combined with orbit distor- -0o.ois-0®oio-o.ooe 0 0.0W 0.010 0.1015 0.

tions resulting from estimated precision obtainable even with
the best survey and alignment techniques produced zero dy- Figure 2
namic aperture for eight of the ten seeds considered. Since Tune variation with momentum errors in the presence of multipole

error fields at the budget tolerances. Only the fractional part of theclosed orbit errors are the main cause of optics distortions, an tunes are depicted.
effective orbit correction mechanism is necessary.

Our simulations of combined errors with orbit distortion nets. We employed a total of seven beam position monitors,
correction were performed with the program "RACETRACK four horizontal and four vertical corrector magnets per cell.
with Orbit Corrections" [5] using the 3-magnet bump method. Random quadrupole displacements of 0.2 mm rms, dipole
Nine beam position monitors and eight horizontal and six verti- field strength errors of I x 10-0 rms and dipole roll angle mis-
cal correction dipole magnets are provided in each cell, with the alignments of 5 x 10-4 were added to normal and skew random
monitors positioned as close as possible to the sextupole mag- multipoles up to octupole error fields. We also set the resolu-
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tion of the beam position monitors (BPM) to 0.2 mm rms. How- 30

ever, at this level the BPM inaccuracies do not affect the dynam-
ic aperture: if we define the average recovery ratio of the 20

dynamic aperture as the ratio of the dynamic aperture obtained
with 0.2 mm rms beam monitor accuracy to that obtained with • 10

perfect monitor accuracy, the recovery ratio for the storage ring ,

is as high as 96%.8 o
After correction, 50% of the ideal dynamic aperture is re-

covered, as can be seen in Figure 3. For comparison, we in -10

cluded the reduction for the corresponding errors at the individ-
ual tolerance limits. The maximum residual closed orbit -'

distortion is on the order of 0.15 mm in both planes. The maxi-
mum corrector strength distribution has a mean of 0.4 mrad, -
well within the corrector magnet specifications. The corrected 0 1 0 0 1

orbit functions are also within acceptable values. Figure 4 4 6 00 a0l0

shows the horizontal closed orbit distortions for a typical seed, Lwglh (m)

before and after correction. Figure 4

Horizontal closed orbit distortions for atypical seed before and after
corrections to 0.2 num rms. Magnet field and alignment errors at

140. Construction and Alignment Errors budget tolerances.

130 Closed orbit oWrreted to 0.2 mm

120. |quadrupole, and sextupole magnets are lower than those
110o0 ox. 0.342 m adopted for the budget by at least a factor of two. Within the
100- oy - 0.2W mm budget requirements and with orbit corrections obtained with
go.- the corrector system as designed, the dynamic aperture at the
90- insertion devices is still larger than the physical aperture.
00- No eror The most severe reduction effects on the dynamic aperture

"50- AAof the storage ring come from quadrupole displacements, as ex-
-Budget pected. However, in the worst case scenario, when all errors are

W_ - included at the specified tolerance levels and when closed orbit

20. W. Tol, distortions are corrected, the orbit functions and the dynamic
10 aperture are entirely acceptable.

-120-10040-W -40o-0 0 20 40 60 8
Nx V. REFERENCES

Figure 3 [1] L. C. Teng, Argonne National Laboratory, unpublished re-

Dynamic aperture in the presence of magnet construction and align-
meterrafter orbit corrections to 0.2mmu rms, for errors at thot(99)m en er ors t er rbi co re tio s t 0 . m n r isfor er ors at he [2 1 H .B izek , E .C ro sb ie , E .L essner, L .C . T en g , J. W irsbin sk i,

budget tolerances and at the individual tolerance limits. The physi- "Effects of Errors on the Dynamic Aperture of the Ad-
cal aperture at the insertion device and elsewhere in the ring are also vanced Photon Source Storage Ring," 1991 Particle Accel-
shown. erator Conference Record, 210-212 (1991).

131 H. Bizek, E. Crosbie, E. Lessner, L. C. Teng, J. Wirsbinski,
"Effects of Construction and Alignment Errors on the Orbit

IV. CONCLUSION Functions of the APS Storage Ring," 1991 Particle Accel-

With the criterion that a minimum of half of the ideal dy- erator Conference Record, 2778-2780 (1991).
namic aperture be available after orbit corrections, an error tol- 141 E. Crosbie, Argonne National Laboratory, unpublished re-
erance budget for the APS storage ring is established. These tol- port (1991).
erances are conservative for all magnets: the most recent set [5] H. Nishimura, A. Wrulich, "RACETRACK with Orbit-
of multipole coefficients measured on the prototype dipole, Corrections" (1987).
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Study of Transverse Coupled Bunch Instabilities by Using Non-Linear Taylor Maps
for the Advanced Light Source (ALS)*

M. Meddahi and J. Bengtsson
Lawrence Berkeley Laboratory, University of California

1 Cyclotron Road, Berkeley, CA 94720 USA

Abstract For a given eigenmode the relative amplitude and phase of the
To study coherent bunch instabilities for the third generation initial conditions for each bunch are given by the
light source, ALS, it is insufficient to rely on a linear map with corresponding (complex) eigenvector. In this case, all the
radiation damping for the lattice to obtain the correct bunches are oscillating coherently with the same frequency.
dynamics. We have implemented a code for transverse bunch Comparison of analytical results with numerical simulation
instabilities, using a 4-dimensional map for the lattice and (tracking) for this case can be found in section 4. For the
wake field expansions for cavities and resistive wall effects. general case, however, we have a superposition of
This model has been used to study the injection process and to eigenmodes.
determine the needed performance of the proposed feedback For the non-displaced bunches (i.e. stored beam) we use
system for the storage ring. the following ansatz and dispersion relation

I. INTRODUCTION xi (s) =I s exp("i to s)

The effects of the cavity HOMs and the resistive wall on I 1x
the beam dynamics have been studied for the ALS. A tracking 2 I i- il

code used at SLAC [1, 21 was generalized to the 4-dimensional
transverse case. The model is based on a map for the ring and where Ti is the linear growth rate.
localized kicks in both planes due to cavities and resistive wall
wake fields [3]. The dynamics of the beam at injection has also III. OVERVIEW OF THE ALS
been studied.

The ALS is a 1.5 GeV Synchrotron Radiation Source
II. CALCULATIONS ON TRANSVERSE based on a triple bend achromat lattice [5]. The injection

COHERENT BEAM INSTABILITIES. system consists of a high intensity electron gun, a 50 MeV
traveling wave linac, and a 1 Hz, 1.5 GeV booster synchrotron.

The linearized equation of motion perturbed by transverse The injection scenario requires the storage ring closed orbit to
dipole wake fields is [3, 41 (see the references for definition of be deflected close to the end of the injection septum using four
the parameters) : bump magnets capable of displacing the orbit up to 15 mm. A
xi" + (5?-• ~x= Qe W (L+nC)x(s- nC) pulse of electrons is ejected from the booster and transported
1 ) C *o (- + ( - through the injection septa into the storage ring.

Using the following ansatz we get the corresponding Assuming that the HOMs of both RF cavities (iris radius 0.035

dispersion relation m, length 0.28 m, frequency 499.764 MHz, harmonic number
328) has been damped by a factor of 30 giving an average

xi (s) -xoi exp s, transverse shunt impedance of 2 Mi/m, we investigate the
c 'HOMs with a shunt impedance greater than this value to study

Nb the effect on the beam dynamics. Table 1 shows the HOMs
A00 = xp - topo Iz x•, used [6].

2 w•o x0i j-i

c2 Q e e i Ti to Wi ntp f CM-z) Polarization Q Rsh k m
EoC i -C L + n C) "" c -I 810.08 H 48000 14800

It follows that 1121.77 V 7000 3700
l=Im(top), Amo=Re(top)-t po 1122.72 H 17000 9000T 1189.85 H 18000 92

where • is the time constant. The eigenmodes are therefore 1189 H 1800 2
determined by the linear eigenvalue problem 1529 H 1800 200

Mlo=opio, M=j = tolo ,ij -L- 1801.61 V 2000 1100
2 (Opo Table 1.

The effect of the resistive wall is also addressed using a total
impedance (at the first sideband of the DC component) of

*This work was supported by the Director, Office of Energy 355.013 kW/m in the horizontal and 883.259 kL/m in the
Research, Office of High Energy and Nuclear Physics, High vertical plane.
Energy Physics Division, of the U.S. Department of Energy
under Contract No. DE-AC-76SF0098.
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IV. ANALYSIS bunch # R.W. (500 wakes)

x [mm] y [mm]
In the following analysis 10 bunches were used: 4 bunches (1 1 5.0387 1.0156
to 4) displaced by x=5mm and y=lmm and 6 bunches in the 5 0.0237 0.0243
storage ring (5 to 10) assumed to be damped down to zero Table 2b.
amplitude. The study was limited to 5 mm due to the use of a -. n 1 FF1 I., 8- -mb., I

Taylor series map, proven accurate up to this amplitude using - _ _

a symplectic integrator. Amplitudes up to 13 mm can be 0 ,84A-03
expected in reality. Tracking was done for 4096 turns and the .04302 3.862E ý05
final amplitudes are shown for bunch number I and 5.- .- , o

A- Linear map 0 0 1. ,o 0, o.. 0.00. O0

0 ... h umber; IF ter nunnb numberB 1

Bn flbe 1F1 f., Bunch number: I

04501 O .i25-02E 3
0. 7001 7 .0 4 .6 05 0. 1 53 0.8 0E-04
0.00002 P.94E- 07 0 .4 1 3. Nr-C

0". 2 13 3 7 4 .3 7 E - 0 0 
0. 2 II .4 C C- O S

0.10)51 lz.Oz- 0..

0.0 0.5 1.0 , .M,03 0.0 0.0 0.4 0.0
0 .0 0 1.0 1.(4.4 00 0.2 0.4 OD

Bunch numb.,q 1 4 FFT her Bunch numbs., 1 I* I ti, r

1.Bunch numbe, 5 FF1 for Bunch numbcr 3
lq o,,,B,..330--OS

0.1710100 0.0E0

0.46|104• 4.586E-05 -

'. -0.0 1 .4 O17 h-7 0.4 M 0 1.3 -050.& SO 8.tE 0.45499J 1-.33E-0G

a., 6._ A3"4 2.46 t

0.

ON O 'O rs a 1 K 00 0.0 ,43°,

ic .. .. d I' IA~w .0 .2 0.4O

SBunch numnbor. 3 FFT for Bunch 'numberg, 3 acnw,•n e

-- • ,• Bunch numfber 3 FFT for Bunch numbm 5

0.5.2 3ME0

0.0.0 0. 1.0 -01 0.1702 4,20.-07

.0434 170 1004 0.4 o

0 0. d.4* ' 0.0[-0

1101 a•4 I~ma4 0 U .S sevre K.W 0l. 03 , 0.21 0.4 DA$

Bunch 0 n a1 rpBu ch FFTumbsn 51

0f- Figure 2: x and y amplitude for bunch I and 5.
'a0.448 L-o7 The amplitude of bunch 1 slowly increases to 5.038 mm in x-

0.4- 4a :42r'11 plane and 1.015 mm in y-plane. For bunch 5, the amplitude
reaches 0.0237 mm in x and 0.0243 mm in y (Table 2a).
Figure 1 shows the linear growth for the stored bunches. The

"0.•0 I. V ... , E,0f 0-- 0.4 O. use of one wake instead of five hundred wakes for the resistive
", '"0 V. *.wall is a good approximation and will be used for the

Figure 1: x and y amplitudes for bunch 1 a 5 following tracking studies (Table 2b).

In table 2a we present the effect on the final amplitudes of one B- Growth rates
cavity, of the resistive wall, and of both, respectively. For the
resistive wall (R.W.) the wake field was stored for one turn in H-Gro rate (s) V-G rate (s)
Table 2a and 500 turns in Table 2b. tracking calculated tracking calculated

-a AVwake 0.128 0.122 0.0902 0.0881
0.103 0.0979 0.0727 0.0706

bunch x y x y x y 0 .0892 0 .0848 0 .0631 0 .0611
# [m] [mm] [mm] [mm] mm] mm] 0.0892 0.0848 0.0631 0.0611
1 5.0387 1.0156 5.026 1.015 5.012 1.0002 0.0732 0.0696 0.0517 0.0502
5 0.02371 0.0243 0.0342 0.0242 0.0107 0.0001 0.0678 0.0646 0.0479 0.0466

Table 2a. I Table 3.
Table 3.
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Growth rates from tracking and estimates using the theory of horizontal and 1 mm in the vertical plane. We have studied
section 2 were compared for the two cases of zero or non zero the behavior of the beam just after the injection, for 15,000
initial amplitude. In table 3 the results are shown for the stored turns (the damping time is approx. 15 ms), neglecting wake
bunches (5 to 10) with zero initial amplitude. We find very fields but simulating the full 6-dimensional dynamics [7].
good agreement between tracking and calculation. Table 4 H p* @ V.ph ape"

shows the results for the displaced bunches (I to 4). The
a reement is good. __

H-Growth rate (s) V-Grow rate (s)
calculated tracking calculated tracking

0.0208 0.0164 0.00569 0.00495
0.0208 0.0247 0.00569 0.00582 .6 4 4

0.0208 0.0279 0.00569 0.00633 V
0.0208 0.0281 0.00569 0.00656 Figure 4. Phase space at injection.

Table 4.
C- Nonlinearmap __ ..
Table 5 shows the difference on the final amplitudes for bunch -Z 7
1 and 5 when using a non-linear map -\

Lar X1 yl X5 y5
Linar 5.04 1.0561 I 0.0602 J 0.0621]

Non-linear 5.1006 1.0487 0.0027 0.0012
Table 5.

The non-linear map introduces a modulation of the amplitude
for the stored bunches which leads to limited final amplitude .•

(Figure 2). For the selected initial amplitudes, the change of
the final amplitudes, after 4096 turns, are very small.
The FFT on the bunches 5 to 10 shows a double peak around
the tunes. An explanation was found by numerical simulation
of a driven anharmonic oscillator leading to the same double 14.2 14.4

peak when Fourier analyzed (Figure 3). Figure 5. Tune diagram at injection.
0 FFT of x

A Damping is observed in the horizontal plane together with
1 0.1 987 1.63E-01 beating in the vertical plane leading to large amplitudes. The

0.0o001 9.73E-04 large horizontal amplitude drives the vertical plane due to
.6• -0.0)097 4,05E-04 coupling. The change of amplitude due to radiation damping

I "leads to a change of tune and crossing of resonances due to
02 0o large amplitude dependent tune shifts.

• • . ,.......VI. CONCLUSION
SC - 0 4.0 5.OE +02 0.0 0.7 0 4 .6

FFr of x The tracking shows the importance of correct modeling of the
____" lattice in the estimate of growth rates. Using a non-linear map

f A for the lattice led to modulation of the amplitude, instead of
0.; 310 2.07E -02 linear growth, for an initially non-displaced bunch. However,
0.1 999 1.10E-02
0. 19 7. 1 3E-03 the growth rates obtained in both planes are small. Studyof

the injection dynamics shows beating in the vertical, driven by
the horizontal plane, leading to crossing of resonances.

o _ _[ VII. REFERENCES

C 2 0 4 0 5.0E+02 0.0 0.2 04 06

_ ........ _ [I] K. Bane.et al, AIP Conf. Proc. No 127, chap.2, 1983.
Figure 3. Driven harmonic and driven anharmonic oscillator. [2] K. A. Thompson and R. D. Ruth, SLAC-PUB 4962.

[3] K.A. Thompson, Asym. B-factory collider note ABC-57.
V. INJECTION DYNAMICS [4] M. Meddahi and J. Bengtsson, LBL-CBP Note/017.

[5] LBL-Pub-5172 Rev.
The bunches are injected from the booster to the storage [6] J. Byrd and J. Corlett, ESG Tech Note-220.

ring with an amplitude of approximately 13 mm in the [7] E. Forest, to appear in Part. Accel.
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Plans to Increase Source Brightness of NSLS X-Ray Ring*

J. Safranek and S. Krinsky
National Synchrotron Light Source
Brookhaven National Laboratory

Upton, NY 11973

Abstract oscillations can be excited directly when a photon is ra-
diated where there is nonzero vertical dispersion, iy. In

We discuss plans to increase the NSLS X-Ray ring source order to reduce the vertical beam size, 0',, one must cor-
brightness by an order of magnitude. Proposed improve- rect both coupling and vertical dispersion. Measurements
ments include doubling current from 250 mA to 500 mA, in the NSLS X-Ray ring indicate that q/y and coupling give
reducing vertical emittance by a factor of 6 and reducing approximately equal contributions to ay.
insertion device gaps and periods by up to a factor of two. When we started our work to reduce ay, the X-Ray ring
Experimental results are reported which indicate we have had eight skew quadrupoles grouped in two families with a
succeeded in reducing the vertical emittance below 2 A. single power supply powering the four skews in each fam-

ily. There was no method for correcting 7y. Now each of

1 Introduction the eight original skew quadrupoles have individual power
supplies, and nine additional skew quadrupoles have been

The NSLS X-Ray ring provides a high brightness source added. Four of the new skews are located in positions of
of x-rays from bending magnets and insertion devices. In high 1l., so they can be used to correct ily efficiently with-
this note we discuss plans to increase the source bright- out exciting much coupling.
ness by an order of magnitude. The recent installation of COUPLING: In the past the coupling on the X-Ray
a fourth 52 MHz RF cavity provides sufficient RF power ring was minimized by adjusting the two families of skew
to allow the stored current to be increased from 250 mA to quadrupoles to minimize the split between the transverse
500 mA [1]. At present, 500 mA has been stored at injec- tunes at the difference resonance. With 17 individually
tion energy (750 MeV) and 410 mA at 2.5 GeV. However, powered skew quadrupoles, we needed a better method
before running operations at 500 mA, it will be necessary for measuring coupling than the tune split at the differ-
to provide increased cooling downstream of the high power ence resonance. One such method has been developed
wigglers. A further increase in brightness can be achieved at Cornell [3] in which the two transverse normal modes
by replacing the existing wigglers by new devices operat- are excited on resonance, and the ellipse traced out by
ing with shorter periods and smaller gaps. An experiment the betatron oscillations is measured at the beam position
[2] is in preparation using the X13 straight section to elu- monitors. This method requires turn-by-turn beam po-
cidate the operational limit of the vertical electron beam sition measurement capability which is not available with
aperture. Finally, we have embarked on a study aimed at the present X-Ray ring hardware, so we developed another
reducing the vertical emittance of the ring, and we have coupling correction algorithm that takes advantage of the
succeeded in reducing the emittance coupling from 1% to high accuracy closed orbit monitors [4] in the X-Ray ring.
below 0.2%. The remainder of this paper will be devoted We sample the ccupling by measuring the shifts in the
to a discussion of our approach to reducing the vertical vertical orbit, Ay, produced by varying the strengths, indi-
emittance. vidually, of a set of horizontal steering magnets. Then we

correct the coupling by determining the skew quadrupole

2 Method of Reducing Vertical strengths that minimize the vertical orbit shifts. We chose
to simultaneously minimize 16 different vertical orbit shifts

Beam Size created by 16 different horizontal steering magnets dis-
tributed about the X-Ray ring. The vertical orbit dis-

Betatron oscillations in the vertical plane of an electron tortion from a single steerer does not have all the coupling
storage ring can be excited in two ways - horizontal oscil- information. Skew quadrupoles located at positions of zero
lations can be coupled into the vertical plane, or vertical orbit distortion for that steering magnet do not create any

*Work performed under the auspices of the U.S. Department of vertical orbit distortion. Two horizontal steering magnets
Energy separated by close to an odd integer multiple of 900 in hor-

0-7803-1203-1/93$03.00 0 1993 IEEE
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izontal betatron phase sample all the skew quadrupoles. 7W >, where < 74 > is the average value of the Courant-
We chose to use more than two steerers, because there is Snyder invariant in the bending magnets. In reference [7]
some vertical orbit shift that is simply due to imperfect the author shows that < 74H > is approximately equal to
rotational alignment of the steering magnets. This shift is 2 < -7 >, so for the X-Ray ring (p = 6.9m and - = 5057)
not due to coupling and should not be corrected with the the vesow forthe Xray ring (p givan by

skew quadrupoles. We found that the most effective way

to solve this problem is to look at the vertical orbit distor- -q(mm)
tions from many horizontal steering magnets. The vertical fy(A) z .03 < r. (M) > (2)

distortions really caused by rotated quadrupoles are well f3y(m)
corrected with the same skew quadrupole distribution for Vertical dispersion can be excited by vertical bending or
all the steerers, while the vertical orbit distortions from by skew quadrupoles at locations of nonzero 77. We did not
rotated steerers are randomly distributed and cannot be want to change the vertical closed orbit from the standard
simultaneously corrected with the skews. We added hori- operational orbit in which the beamlines are steered, so we
zontal steering magnets until we found that adding more used skew quadrupoles at locations of large il, to correct
no longer changed the skew quadrupole distribution de- the vertical dispersion.
rived to best correct the vertical orbit shifts. CORRECTION ALGORITHM: The coupling and vertical

Simulations with PATPET [5] confirmed that there is dispersion correction was done simultaneously by solving
a strong correlation between the vertical orbit shift and a system of linear equations
the vertical emittance, and that reducing the vertical shift
is an effective way to reduce the vertical emittance (fig- MK = V

ure 1). Both before and after the skew quadiupoles wereadjusted to reduce the vertical orbit shifts, the calculated using singular value decomposition [8]. Here the vector V
has 48x16+48 elements. The first 48x16 elements are the

vertical emittance was found to exhibit the approyimate measured vertical orbit shifts, Ay/v'%3, at the 48 beam po-
dependence sition monitors for each of 16 horizontal steering magnets.

The last 48 elements are the measured, r/\/#-y, at the
A ( .002 < ,(pm) > (1) 48 BPMs. The 48x16+48 by 17 matrix M is the measured

change in V with changes in the 17 skew quadrupoles. The

where the shift in the vertical closed orbit, Ay, results from linear equations are solved for K, the 17 skew strengths
changing a horizontal steering magnet to give a 3 mm rms that minimize the rms of Ay/v0 and q//V . The rela-
horizontal orbit distortion. tive weight for correcting Aylv"'# versus rly/v,'/, can be

adjusted to give more or less correction of coupling versus
102 ..... . . . vertical dispersion.

- y(A) - .002 Ay2/PY/2

"101 BEFORE CORRECTION - ,
0 AFTER CORRECTION

103 Experimental Results

,',, ,. The correction algorithm was very successful in reducing
__ / • the vertical dispersion and vertical orbit shifts. We were

able to reduce < A > by a factor of nine compared to

the value (5500 pm 2 /m) achieved with the previous cou-
1 o~ pling correcton algorithm using only two families of skew

quadrupoles. Figure 2 shows the reduction of Ay/v/•, for
1o-3 a typical one of the sixteen horizontal orbit steering mag-

. nets. We were simultaneously able to reduce < > by
10-2 1o- o 11 1 2 1 1 a factor of seven (figure 3) from a starting value of 300

Ay 
2
/py (02mýr) 0m 2 /mn.

Figure 1: Simulation results from PATPET. Only coupling According to equations 1 and 2, we expect the reduc-
errors (no 77y) were introduced in the lattice. The dotted tion in < A > and < 21 > to give a reduction in the
lines connect points for the same set of quadrupole rotation vertical emittance of about eight. We measured the emit-
errors before and after correction. tance reduction in two ways - by measuring the decrease

in Touschek lifetime [9] with approximately 80 mA stored
VERTICAL DISPERSION: In order to minimize quantum in a single bunch, and by directly measuring the verti-

excitation and thus minimize the vertical beam size, 71y cal beam size reduction using x-ray pinhole cameras. We
should be minimized in the bending magnets where the saw nearly a factor of 2.5 decrease in the Touschek lifetime
photons are radiated. In reference [6], the author shows which indicates about a factor of 6 reduction in the vertical

that the emittance from dispersion is given by y= Y < emittance.

p
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hole cameras on beamlines X10 and X26. The results with
B. . . . . beamline X26 appeared to give the best resolution. Fig-1BEFORE CORRECTION

0.10. AFTER CORRECTION ure 4 shows the profile measured at X26 with the old skew
.1 quadrupole correction and the smaller profile with the new

I ! Icorrection. Subtracting a small resolution factor in quadra-
0.05 \ I ture, these measurements indicate a reduction in electron

T. beam size of 2 which gives a reduction in vertical emittance
4-% of 4.

0T A The measurements on X26 indicate that the vertical

• • , emittance is 6 A with the old skew quadrupole settings
-0.05 • compared to a horizontal emittance of 110 nm. With the

"w \ jnew skew correction the X26 measurements indicate a ver-

-0.10 tical emittance of 1.5 A. The fact that a greater reduc-
tion in Touschek lifetime was seen than the reduction in
electron beam profile may indicate that we are running

0 I. 4 into a resolution limit with the X26 pinhole camera. If
we assume this is the case and take the true reduction in

r 2:hMeasuredzvertical orbit shift resulting from a s e vertical emittance to be a factor of six as measured with
the Touschek lifetime, this would indicate that the vertical

emittance with the new skew quadrupole correction is 1
,_A A. Work is continuing to better understand the resolution

- BEFORE CORRECTION and absolute calibration of the pinhole cameras.
SAFTER CORRECTION ph
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Abstract Table 1
The advantage of using high field superconducting dipoles Main Design Parameters

to provide hard radiation in a synchrotron light source is that,
in contrast to using high field wigglers, scarce insertion device Energy 3.0 GeV
straights are not used up. A strategy is proposed for replacing Circumference -300 m
selected conventional dipoles within a lattice with Number of cells 16
superconducting devices where and when required. The Normal conducting dipole 1.3 T
potential of both double and triple bend achromats is compared Superconducting dipole 4.5 T
and contrasted. The properties of the superconducting dipoles Emittance 10-50 nm-rad
as radiation source points are considered as also is their overall Beam current 300 mA
impact on the lattice behaviour. In a feasibility study for the Insertion straight length 3.0 m
advanced x-ray source DIAMOND, which is briefly described,
it is concluded that a triple bend achromat is the best choice
for a 3 GeV structure with 16 cells that meets the defined IlI. CHOICE OF LATTICE
specification.

Double Bend Achromat
I. BACKGROUND

In the case of a DBA structure two possibilities were
The SRS at Daresbury was the world's first high energy, considered:

dedicated (second generation) light source and its effective
exploitation continues to be of high priority to the UK 1. Two dipoles per cell in a conventional design
synchrotron radiation community. Recently a major review of 2. Four dipoles per cell, installed in pairs
existing and future requirements has been underway and a
series of design options has been considered, initially In the first case, the length of the normal conducting
concentrating on a single source called DAPS [1]. Finally a magnet is 1.3 m and the corresponding length of a replacement
proposal has been made for a new VUV source (SINBAD) and superconducting magnet is 0.45 m. The bend angle is large
for the eventual replacement of the SRS by an advanced enough to permit full extraction and utilisation of the
facility called DIAMOND, that is designed to cover the synchrotron radiation. In the second case, the length of the
intermediate spectral range between SINBAD and the ESRF. normal and superconducting magnets are 0.65 m and 0.2 m
The lattice design of SINBAD is similar to DAPS but a respectively. Here the superconducting magnets are too short,
different concept is considered here for DIAMOND. not only to create good field quality in an acceptable vertical

aperture but also to provide adequate length of uniform field
though the magnet. It is also clear that replacement of only

II. GENERAL DESCRIPTION one dipole in a cell is undesirable from the point of view of
beam dynamics as it breaks the symmetry of the lattice.The choice of 3.0 GeV for the storage ring energy has

been dictated by the simultaneous requirements for high Triple Bend Achromat
brightness soft x-ray beams from 150 eV to 3 keV and high
flux x-rays in the 3 - 30 keV photon range. To match the In the TBA lattice the cells contain three dipoles with
anticipated experimental programme DIAMOND would require equal bending angles. The central normal conducting dipole
space for at least twelve insertion devices. To provide the could be replaced by a superconducting one while still
necessary space for injection and RF systems a 16 cell lattice maintaining the symmetry of the cell structure. The magnetic
was chosen. The approximate circumference would be 300 m length for normal and superconducting magnets is 1.0 m and
and either DBA or TBA designs could provide the required 0.3 m respectively. The shorter length of the superconducting
dispersion free straights for insertion devices. An important magnet in the TBA case is still acceptable in terms of
consideration in the design was that it should flexibly allow providing synchrotron radiation. The design which produces
for the progressive replacement of conventional dipoles within acceptable beam performance and the best access to the
the lattice by superconducting dipoles. These superconducting superconducting magnet radiation with minimal impact on the
dipoles would satisfy the national requirement for harder x-rays insertion device beam lines is the TBA. For these reasons,
without using up the limited supply of straight sections. The early in the studies this was chosen as the best solution,
main parameters for the storage ring are shown in Table 1. although a limited amount of work has been carried out in

parallel on the two magnet DBA lattice to allow the
comparison of some basic parameters.

0-7803-1203-1/93$03.00 0 1993 IEEE 1494



Optimisation of the linear properties of the TBA structure enhancement in photon output at the higher energies. It has
was carried out using the in-house computer program ORBIT also been shown that the small radius of curvature of the
[2]. Various options were considered for the quadrupole type superconducting dipole would allow very short beam lines
and order within the achromatic bend. Figure 1 illustrates the which would provide very high flux at the sample.
structure of the final optimised TBA lattice that was chosen.

Normal/Superconducting Dipole
Normal DS FS FS DS Normal
Dipole~ I\ 4 Dipole

FQ DQ DQ FQ FQ DQ DQ FQ

Figure 1. Sketch of TBA unit cell

With both sets of quadrupoles in the achromatic arc at
approximately equal values this lattice with 16
superconducting magnets has a reasonable emittance of around MAGNET COPE

30-50 nm-rad and relatively low chromaticity. Some basic ELEC trON BEAM ORBIT

parameters of the lattice with all conventional dipoles, at a
representative tune point, are summarised in Table 2. Figure 2. Proposed superconducting dipole magnet.
Reducing the level of the D-quadrupole in the achromat
produces a very low emittance lattice : at the extreme an 1E+17
emittance of around 5 nm-rad can be achieved, even with 16 '" Superconducting Dipole
superconducting magnets installed, but at the expense of high I Conventional Dipole
beta values and chromaticity. The existence of this low IE+16 Multipole Wiggler
emittance mode could provide a possible, but probably very .. Undulator
challenging, additional upgrade path for the future development .IE+.15 - "-----

of DIAMOND.

Table 2 E1E+1
Lattice Parameters of the TBA ------

21IE+13 -

Radial , vertical tune 16.74, 7.53 1
Emittance (nm-rad) 19.16
Energy loss per turn(MeV) 0.94 1 E+ 12 -

Momentum compaction 0.00158 0.1 1 10 100 1000
Radial , vertical chromaticity -20.5, -31.5 Photon Energy (keV)

IV. DESIGN OF SUPERCONDUCTING I 1E+18
DIPOLES 1E+17

A superconducting dipole has been designed with a field o
of 4.36 T and the required bending angle of 7.5o. A diagram of U . IE+16 -- _ ..... -

the proposed superconducting magnet is shown in Figure 2. It
uses a steel yoke to improve the fcid quality and minimise the IE+15
stray fields at the superconducting windings and to give M C4a
excellent field uniformity. The predicted performance of this E IE+14 -
type of magnet is very good and a prototype [31 including ,
several of its features has been built at Novosibirsk and tested IE+13
to6T.

The change in photon output when replacing the normal 0.1 l

conducting 1.3 T magnet with the high field superconducting 0.1 1 10 100 1000
4.36 T magnet is shown in Figure 3 together with the Photon Energy (keV)

expected output from representative insertion devices. The
calculations were carried out using the Daresbury program Figure 3. Flux and brilliance of sources in DIAMOND
SPECTRA [41. These curves illustrate the resulting including output from representative insertion devices.
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V. EFFECT OF SUPERCONDUCTING DIPOLES 50.

To minimise the disruption to the beam dynamics as the .- 40-

ring is upgraded with additional superconducting magnets, it is
planned to install in the first stage two magnets diametrically 30
opposite. The next two would then also be installed - 3
diametrically opposite, but at 900 to the first pair and so on.
The conversion to a superconducting magnet must be carried .. 20
out with minimal effect to the other source points in the 1E
lattice. To this end, the linear lattice functions of the cell with 10-
superconducting magnets have been matched to those of the
all-conventional magnet cells. This matching process was 04
carried out using the program LATTICE [5]. The lattice 0 4 8 12 16
functions at an illustrative tune point for two matched unit Number of SC Magnets
cells, one with a normal conducting dipole and one with a
superconducting dipole, are shown in Figure 4. Figure 5. Emittance increase with number of superconducting

Conventional Suerconductines.

S• 4h nduc t • S -VI. CONCLUSION
30

25- The studies carried out so far have enabled the feasibility
253 -to be assessed of a source which has the potential for

20- r progressive upgrade by the replacement of normal conducting
""v dipoles with superconducting magnets. This has allowed

tz. 15 .. x1O reasonable estimates to be made of the costs and performance
.8 of such a source as a possible replacement for the Daresbury

S 10 SRS. Such an assessment was required in order that the future
strategy for the provision of synchrotron radiation to UK

5 scientists could be developed. Clearly if this concept is
- ..approved further work would be required to optimise the

0 " , nonlinear aspects of the design.
0 5 10 15 20 25 30 35 40

Distance (m) VII. ACKNOWLEDGEMENTS

Figure 4. Matched lattice functions in DIAMOND
We would like thank P. N. Vobly for his contribution in

the design of a suitable superconducting dipole.
The central superconducting dipole inevitably has a larger

contribution to the storage ring emittance than the replaced
normal conducting one. This will lead to an increase in VIII. REFERENCES
emittance as the source is developed and the number of
installed superconducting magnets increases. Figure 5 shows [11 J. A. Clarke et al, "Accelerator Physics Aspects of the
the calculated increase in emittance as a function of the Daresbury Advanced Photon Source", Daresbury report
number of superconducting dipoles inserted in the lattice. DLISCl/R31, 1992.
This level of emittance increase is an acceptable compromise
given the requirements of the experiments envisaged on [21 S. L. Smith, "ORBIT User guide", Daresbury internal
DIAMOND. The introduction of the superconducting dipoles report.
also increases the energy loss per turn and the design of the
RF system has included an af-sessment of the requirements to [31 G. N. Kulipanov, "Development of superconducting
allow an expansion to a possible 16 superconducting magnets compact storage rings for technical purposes in the
and 10 multipole wigglers, although this would require two USSR", Rev. Sci. Instrum. 63 (1), January 1992.
straight sections to be reserved for the accelerating cavities.

[41 J. A. Clarke, "SPECTRA Version 1.2 User Guide",
Daresbury Internal Report, October 1992.

[51 J. Staples, "LATTICE ... a beam transport program.",
LBL, Revised August 1989.

1496



A Conceptual Design and Thermal Analysis of High Heat Load Crotch Absorber*
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Abstract

A high heat load crotch absorber has been designed for the
Advanced Photon Source (APS) storage ring curved chambers.
The absorber, which uses a beryllium diffuser brazed to oxygen
free high-conductivity copper (OFHC) plates, has been opti-
mized to spread the beam power in order to reduce its tempera- LEF

ture rise and thermal stresses. Circular copper tubes are brazed
to the absorber for water cooling. The absorber design and ana- P----,--,-
lytical results from a three-dimensional finite element model b-7 1-

are presented in this paper. - i, --- 1

I. INTRODUCTION

Crotch absorbers in the curved chambers of the APS stor-
age ring are subjected to extremely high power densities. For Figure la. Top View of the Crotch Absorber.
instance, at 300 mA beam current the crotch absorbers will in-
tercept 750 watts/mm2 at normal incidence. Such high power
density with Be-Cu composite absorber design was also pres-
ented by Dennis Mills and his coworkers [1] The vertical open-
ing angle (1/y) of the x-ray beam is only 0.07 mrad, which cor- -rr--

responds to a beam height of approximately 0.2 mm at the FILL_-
absorber. There are two important constraints in designing a
crotch absorber for a curved chamber with an exit port: (1) it is
not possible to completely avoid a normal incidence (horizon- O,= o,, _
tally) on the surface of the absorber, and (2) since the vertical --
beam size is very small, inclining the absorber surface vertical-
ly to reduce the power density does not reduce the temperature
rise significantly. Because of these severe limitations the pre- E
vious absorber designs [2] did not have a sufficient margin of
safety at 300 mA. A new absorber design has, therefore, been
developed which is able to sustain the required high heat load. Figure lb. Elevation of the Crotch Absorber.

II. BASIC DESIGN
tercept x-ray radiations at small incidence angles (16 degrees

The main feature of the present absorber design is a berylli- to 32 degrees horizontally) outside the central zone. The tem-
um diffuser which is placed at a vertically shallow angle in the perature rise and thermal stresses in the these plates are, there-
central zone (zone A in Fig. I a) of normal incidence. The ab- fore, reduced significantly. Circular grooves are machined in
sorber is inclined with respect to the fan of the radiations such absorber plates for brazing two 3-mm inner diameter copper
that the vertical angle of incidence is 7 degrees. In a 3-mm- tubes for convective water cooling. These copper tubes elimi-
thick inclined beryllium diffuser plate, harder x-rays will tra- nate the need for a water-to-vacuum joint.
verse up to 25 mm inside the diffuser. For the APS bending
magnet radiations, the power deposited in the diffuser plate is
estimated to be 40 percent of the total beam power. The remain- III. POWER IMPLEMENTATION
ing power is deposited at the beryllium copper interface.

The beryllium diffuser is brazed to an OFHC copper as- A generalized preprocessing program is used to implement
sembly made of upper and lower absorber plates. The plates in- the bending magnet power. For a given chamber geometry, the

program calculates the distance from the source I and incident
*Work supported by U.S. DcpartmcntofEnergy, OfficeofBasicEnergy angle 6 on the surface being exposed. The power is applied ac-
Sciences under Contract No. W-31-109-ENG-38. cording to the well-known photon spectrum equation:
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diffuser, it is distributed in the material and efficiently dissi-

Ir kW] 1.4107 x 103BTIE4 [GeVII[Alsin(b) pated by the two nearest water channels. As shown in Fig. 2a,
qt•Jj - e2

1mm] X the temperature contours are almost parallel to the water chan-
nels, which indicates that the highly concentrated power has
been uniformly distributed throughout the beryllium material

at F exp (- a,2) d in Be before reaching the water channels.
J cC 0 1  The maximum temperature rise, 129 'C, occurs in the right

angle comer of the beryllium diffuser. This comer is farthest
away from the water channels and is subjected to both bottom
and side heating. A sectional contour plot is shown in Fig. 2b,
in which the top surface represents the horizontal plane copla-

q .rk.] 1.4107 x 103B[TJE4[GeV]I[A)sin(8) X nar to the photon fan. Since 60 percent of the beam power is
qm =ie 2[mm] incident on the beryllium-copper interface, secondary high

temperature contours appear in this region. The maximum tern-

0(•e)2F exp (- t) (- perature rise at the interface is 112 'C.

o copper-beryllium

on Cu-Be interface interface

where e is the photon energy, ec, is the critical photon energy
(19,500 eV), ý is the distance the photon travels inside the beryl- A .34
lium, and F is function of photon energy and the azimuthal .
angle, Vp. A detailed expression for F can be found in text books, E .79F -

e.g., Jackson [3]. The absorption coefficient at(1/mm) is func- G .101
IH -t12

tion of photon energy and can be obtained by utilizing the pro- 1 .124

gram TRANSMIT.
There are three areas which will be subjected to x-ray heat-

ing. One is on the leading edge of the absorber where the L- Figure 2b. Sectional Temperature Contour Plot in the
shaped beryllium diffusers are brazed, and the other two are on Leading Edge Crotch Absorber
the sides of the absorber. Therefore, the entire problem can be
discretized into two parts: the analysis on the leading edge, and
along the two sides of the absorber. ABSORBER PLATES

Outside the central zone, the x-ray beam strikes the left and

IV. TEMPERATURE RISE IN THE BERYLLIUM right sides of the absorber plates. On the left side the source dis-

DIFFUSER lance and the incident angles are 3 meters and 32 0, respectively.
The corresponding values on the right side are 1.78 meters and

Figure 2a shows the temperature contours in the L-shaped 16 0. These design values were chosen to minimize the tempera-
beryllium diffuser brazed to OFHC copper plates. The contours ture rise on both sides of the absorber. Fig. 3 shows temperature
show that as the x-ray power is transmitted into the beryllium contours in the tail region of the right side. At 300 mA beam

current, the maximum temperature rise is about 186 'C and
.. ,lppcr drops down to 100 °C at the surface of the water tube. While

/• , beryllium electron beam experiments [2] have shown OFHC to survive

A -14
A ="7

c~ qiB .63
II =1C .79I =1Ž1 .1 6

F :112
G =129 w am

H.162 186 C
I.179

beryllium

Figure 2a. Temperature Contour in the Leading Edge Figure 3. Temperature Contour on the Right Side

Crotch Absorber of the Crotch Absorber Plates
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60,000 cycles at a temperature amplitude of 300 'C, significant VIII. REFERENCES
microcracking can be observed in the test piece.
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Thermal Analysis of the Beam Missteering in APS Storage Ring*
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Abstract al analysis is then sufficient to predict the temperature gradi-

Several bending magnet beam missteering cases have been ents. The stress induced by thermal gradients can be decom-

investigated for the 7-GeV storage ring of the Advanced Photon posed into two parts: (1) sum generated by the

Source (APS). One of the critical missteering events is pres- trainsional and () ending temperatue to ther

ented in this paper. Finite element analyses are performed to plane strain conditions, and (2) bending stresses due to thermal-

solve for both temperature and stress fields. Thermally induced ly induced chamber deflections. Chamber deflections are cal-

deflections are determined by utilizing beam bending theory. culated by imposing the averaged temperature and bending mo-

A safe current limit is established for the storage ring chambers. ment changes due to temperature gradients. Details of this
analysis procedure can be found in text books, e.g., Boley and
Weiner [1].

I. INTRODUCTION

As shown in Fig. 1, a typical sector of the APS storage ring II. BENDING MAGNET MISSTEERINGS

contains three straight sections (sections 1. 3, 5 and 6) and two Ideally the bending magnet x-ray fan will be in the middle
curved sections (sections 2 and 4). The cross-section geometry of the 10 mm vertical aperture of the photon channel (see Fig.
of the aluminum storage ring extrusion is shown in Fig. 2. The 2). Because of the accidental beam missteerings, however, the
x-rays are generated in the bending magnet chamber as posi- x-ray fan can hit the positron beam chamber or the photon chan-
trons travel along the curved chamber. A significant missteer- nel. Several possible cases of beam missteerings are identified
ing of the x-ray fan will subject the curved chamber to local in Table 1. The most critical case is when the positron beam is
heating which may result in an unacceptably large temperature vertically offset by 5 mm, and the x-ray fan hits its own positron
rise, thermal deflections, and stresses. chamber in a region just before the entrance to the photon chan-

As shown in Fig. 2, the chamber extrusion contains three neL From the geometry of the curved chamber, a source dis-
0.5 inch water channels for both chamber bakeout and cooling. tance of 1.8 meters and an incident angle of 47 mrad are ob-
During normal operation. water flows 2 -3 GPM at 25 or tained for this case. A beam power of 2.24 M- is deposited on
through the three channels. The corresponding Reynolds num- the surface along the z direction.

ber is 16,500. By employing the Colburn equation Assuming the upper and bottom halves of the positron

r W 1 Q chamber are composed of flat plates of same thicknesses, this
[mPOC] (2.26 + 0.028 T.) heat transfer problem can be solved by a simplified one-dimen-

sional analysis. Let LI and L2 represent the distances of the two

the equilibrium water convection coefficient is found to be waters channels from the beam interception point, and q repre-
sent the linear power density of the intercepted beam. The max-

0.4 cW . where2T,, Qand Darewatertemprature, flow imum temperature rise is then given by

rate, and channel diameter, respectively. T _ q
For most missteering cases the bending magnet fan hits the T = T, - T+ 1

chamber at a shallow grazing angle. The power is, therefore, 1 +1 I L.2

widely spread out along the beam direction. A two-dimension-

Figure 1. Storage Ring Sector
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When the Gaussian beamn size is relatively small, a closed

Isform sures analysis developed by Sheng and Howell [2] can be
used. T7his analysis shows that the maximum stress is pracica-
iy equal to the off-plane sures (a.), and can be obtained by the

2243&4410 simple formula-

4940- ozz= --aEATm.
2 PWces

where a and E represent thermal expansion and Young's modu-
Figure 2. Storage Ring Extrusion lus, respectively. For 6063 -T5 aluminum, they are 2.25 x 10-5

whee Kandt eprsen codutivty ndthiknes o t cain g- and 1. 1 x 107 Psi, respectively, and the maximum off-plane

wherresKad rpeenedctivey usi g ity6. anduhcness of(22 thechin stres becomes -27 Ksi. Figure 4 shows off-plane compressive

K( = 0. 16 W)h(= 0.4 Wm ,C) t( = 12.7 mm) and -1 -62 - 1. 76-.

q'( = 2.24 W .the maximum temperature rise Ts,. - T.. isI

found to be 100 *C. which is in fair agreement with the maxi-
mum temperature rise (110 0C) obtained by a detailed two-d- 0tý
mensional finite element analysis shiown in Fig. 3. 4

y Figure 4. Plane Strain Off-Plane Stress

ýRw 
due to Temperature Rise

Unit: Q' 0stress contours. The maximum stres agrees closely with the

110 calculation shown above. Since the entire section behaves like
a beam subjected to line heating, the actual maximum stres

Figue 3 TeperaureRis dueto eamalong the chamber will be lower than that calculated in the two-
Figre3. Temeritur Riase du2t) dimensional model. This is because the chamber at both ends

Missterin (Cae 2)is flexible in the longitudinal direction and releases thermal
stresses as it deforms. The procedure for calculating the actual

Table I
Case Studies of Beam Mfissteering

Vacuumn System Results (maximum)

Location Distance to Mhe10teerlng Current Temperatre Opaeet

NO. Being H~em"e source Source Angleicifeet (mA) (0*C amnbient) Sties,' X Direction Y Direction

1 Ph~otoni Channel, S2 M2 Bendin Magne 18.6 m .54 mRIS mma 300 VC 1.231 Psi

(UPS'r- 53r (731 lin) .27 mRIO

2 Positron Chamber MI or M2~ Bending 1.8 mn 015 mm+ 100 1101C 20.000 Psi 0.066 in 0.145 in
S2 of S4 mage" (70.87 in) (1 .1'C/mA) (200 PsiltnA) (6.6&-04 in/mA) (1.459-M3 inifnA)

3 Phtion Channel Ml or W Bending 3.6 mn 4.0 mFA19 mm 300 1 .4*C
S2 of 54 Magnet (141.73 in) (0.05-C/mA)___

4 BackC Wail of S4 MI Bending Mage"
No add"ional 10.0 m None 300 76*C 18.688 Psi 0.003 7 in w.0Ct a in
cooling (393.70 in) (0.25CMftA) (62.3 PsIldA) (1.239-05 in/mA) (6.0&-*6 InmiA)

S Positro Chamber M2 Bending Mag"e 15.9 in .6 mR/5 mm 300 47*C 5.200 Psi 0.056 in 0.038 in
S2 (Upstr ecto.3r) (627.24 In) (0.16C/mA) (17.3 PSiLiA) (1.9-04A in/mA) (1.3o--04 in/fiA)

6 Commissioning M2 Bendin Magnet 5.3 m O's mm 300 201C 3.566 Psi 0. 0183 in 0.0185 in
S6 (207.3 in) (0.l'-C/mA) (16.32 PsihiiA) (6. 1-O "5n/mA) (6.2.-O inATIA)

Resultant bending stress.
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maximum chamber stresses and deformations is summarized as der plane strain assumptions. Since this stress is compressive
follows: and lower than the yield stress ( 25 Ksi at 150 OC), as well as

(1) By using the temperature field shown in Fig. 4, across confined in a localized region, it is considered to be within the
the chamber extrusion one can determine the averaged axial allowable stress limits.
force P and in-plane bending moments Mx, My due to tempera-
ture gradients, III. CONCLUSIONS

P =/AaET(x*, y*)dA, Several beam missteering cases for the APS storage ring
Mx= J aET(x*. y*)y*dA, chamber were modeled to determine the temperature, deforma-

AEx tions. and stress fields. Analysis results indicate that the cham-
My= JAET(x*. y*)x*dA, bers are passively save (i.e., they require no active interlock for

protection) for beam currents up to 100 mA.
where A is the cross sectional area, and x*, y* are the plane
coordinates with respect to the centroid point of the extrusion.

(2) Generate a three-dimensional finite element beam IV. ACKNOWLEDGEMENTS
model and place P, Mx, and My on the starting and ending points The authors would like to to thank J. Noonan, G. Decker,
of the beam heating area. The opposite signs are chosen such and G. Goeppner for many helpful technical dLscussions. Edit-
that the resultant forces and moments are self balanced. Calcu- ing of this paper by C. Eyberger is also sincerely appreciated.
late the chamber deflections and axial force P' and bending mo-
ments MW.2 r, My.

(3) Determine the moments of inertia 1= and Iyy, the result- V. REFERENCES
ing bending stresses obtained by reducing the off-plane com- [1] B. A. Boley and J. H. Weiner. Theory of Thermal Stresses,
pressive stress Oz, with axial stresses generated by Krieger Publishing Compary, 1984.

pand (Note that A = 12.97 in2, *, [21 I. C. Sheng and T. hlowell, "Quasi-static Tbermoelastic
A - IAnalysis for a Semi-infinite Plane Subjected to a Gaussian

11.6 in4, and Iyy = 220 in4 for the current chamber design.) Heat Source - Beam Missteering of the Storage Ring in the
The maximum thermal stress in this case is calculated to be APS", Argonne National Laboratory Light Source Note,

20 Ksi, which is almost 7 Ksi lower than the value obtained un- LS-199, 1992.
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Dynamic Response Analysis of The LBL Advanced
Light Source Synchrotron Radiation Storage Ring*

K. K. Leung

Superconducting Super Collider Laboratory
2550 Beckleymeade Ave., Dallas, TX 75237 USA

Abstract I. INTRODUCTION
This paper presents the dynamic response analysis of the

photon source synchrotron radiation storage ring (Figure 1) excited Ground motion at the ALS site was measured from 4 to 100 Hz.
by ground motion measured at the Lawrence Berkeley Laboratory The measured noise based upon 2% damping is about 0.1 microns.
advanced light sourcebuilding site [ 1,2]. Thehighspectral brilliance The significant mode of frequency for the storage ring is about 3 Hz
requirement the photon beams of the advanced light source storage and the damping coefficient is below 1%. Dynamic motion of the

ring specified displacement of the quadrupole focusing magnets in quadrupole focusing magnet (QF) is designed for a maximum
the order of 1 micron in vertical motion [21. There are 19 magnets 1 micron vertical motion limit to obtain photon beams with high
supported by a 430-inch steel box beam girder. The girder and all spectral brilliance. This analysis predicts that the vertical motion of
magnets are supported by the kinematic mount system normally the quadrupole magnet should be below 0.8 microns based on an
used in optical equipment. The kinematic mount called a six-strut assumption that 0.5% damping composite is designed for the ALS
magnet support system is now considered as an alternative system storage ring system.
for supporting SSC magnets in the Super Collider. The effectively
designed and effectively operated six-strut support system is now
successfully operated for the Advanced Light Source (ALS) II. METHOD OF ANALYSIS AND MODELLING
accelerator at the Lawrence Berkeley Laboratory. This paper will
present the method of analysis [3,4,5,61 and results of the dynamic The response spectra method [5], see Figure 2, is used as the
motion study at the center of the magnets under the most critical computation technique in the present analysis [7,8,9,10]. Finite
excitation source as recorded at the LBL site. element method [6] is employed for the storage ring modeling. The

actual spring constant for the six-strut system is experimentally
determined. The strut spring constant has significant effect on the
dynamic behavior of the storage ring structural system. An integrated
finite model includes the steel girder, magnets, vacuum chamber and
the six-strut supporting system. The ground motion is expressed as
spectra [5] that is the envelope of all the individual responses from
0.5 Hz to 100 Hz. The spectra is applied at the floor slab level. The
soil-structural interaction is included in the spectra as long as the

ALS STORAGE RING GIRDER FINITE ELEMENT location of the measurement of the ground motion is representative

MODEL FOR GROUND MOTION RESPONSE STUDY of strut's anchoring points and no major building is erected to
influence the soil-structure interaction.

QF2 CM3 QD2

CM4SB3QB

OR SPAR SF QB2

B2 Figure 1. ALS Storage Ring Finite Element Model.
CSF1

QQFAI
L• "• SDI BI

CHAMBER Q1 CM2

-•t .QF1x
Y

CMI
*Operated by the Universities Research Association, Inc., for the U.S. STEEL
Department of Energy under Contract No. DE-AC35-89ER40486. GIRDER

0-7803-1203-1/93$03.00 0 1993 IEEE
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The eigenvector and eigenvalue of the normal mode are first IV. RESULT OF DYNAMIC ANALYSIS
calculated. The modal spectra displacement, participation factors
and effective mass are then evaluated for each mode. The modaldynaic otin iscomine togivethemaxmum ispaceent A three-dimensional model dynamic analysis is used to predict
dynamic motion is combined to give the maximum displacement the actual response of the girder system from specified ground and
response at the interested point. The method of modal sum t7, 8, earthuak motions ow in g ures 2 and and9,10] combination is based on the method of square root of eatquake motion as shown in Figures 2 and 3. The dynamic model
9,10] combination isu a se d fo eon-tohe spameth modo aes rot los includes correct mass point selection in each magnet to represent all
the sum of the square for the non-closed spaced modes. For closed significant modes. Coupled equipment masses and compliance are
spaced modes, the algebraic sum method is used. The response incorporated in the system mathematical model. The results of the
spectrum is applied[10] at three directions, x, y, and z, indepen- finite element analysis are shown in Figure 4 for the maximum
dently. vertical deflection of each magnet in the ALS storage ring. The

maximum vertical deflection for the focusing magnet is specified as
1.0 microns. The vertical deflection for the quadrupole magnet QF2
is 0.7 microns as shown in Figure 4. The ALS storage ring structural

III. GROUND AND SEISMIC MOTION dynamic design appears to be successful. The design for controlling
the ground motion response is based on selection of the boxed beam

ALS STORAGE RING GIRDER GROUND MOTION for maximum torsional rigidity for the steel girder, and arranging the
RESPONSE SPECTRA (LBL-21.519) six struts in the most effective position to limit the vertical response

to the focusing magnets. The seismic dynamic design involves many.............. ............... . . . . . ............... . . ..... .t c
. ... structural components design including the welding, connection

. ............... . ... ... -- . ..............I bolts, six strut system for each magnet, the plate, web, girder, and
S.* six- strut system for the storage ring.S.. ... ... ....... ........ . ... .............. ...... .. .....

Cz
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O VERTICAL DYNAMIC MOTION AT CENTER OF

", ALS MAGNET UNDER LBL GROUND MOTION
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Figure 2. ALS Ground Motion Spectra. z
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The most critical structural component of the supporting system for V. REFERENCES
the storage ring is the six strut that supporting the girder (Figure 5) [1] B. A. Bolt, "Strong Seismic Ground Motion for Design
because there are no redundant supports for the storage ring. The
buckling loading capacity(Figure 6) for the strut is about three times Purpose at the Lawrence Berkeley Laboratory," Report

larger than the seismic load and the seismic design of the ALS LBL-17377, July 1979, DOE Contract Number DE-ACO3-

storage ring is therefore acceptable. An earthquake of 7.1 magnitude 76SF00098.

occurred at 100 miles from the ALS site in 1989 before the ALS [2] M. A. Green et al., "Ground Motion Mrasurements at the
storage ring structure is completed. LBL Light Source Site, the Bevatron and the SLAC," LBL

Report-21519, 1086.
[3] K. K. Leung, M. S. Lin, et al., "Fast Flux Test Facility of

LOADING SUMMARY FOR ALS STORAGE RING STRUTS Atomic Energy Commission Final Seismic Analysis
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.... .. ... ...... ... .. .. .. : ... . ......... . . .Section K-7/6, Transactions of the 3rd Internatioan
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" .000 --- . .... .... ....... ..... Swanson Analysis Systems Inc., Penn., U.S.A

0 , . . .. .......... ............. .......... .......... [....... [7] "Combination of Modes and Spatial Components in Seismic
<0 ...... ....... ....... ....... ....... ....... ...... Response Analysis," USAEC Directorate of Regulatory

.... ....... Standards Regulatory Guide 1.92, 1974.
30000 [8] F. C. Nelson. "The Role of Closely Spaced Modes in the
2500.. ...... .......... Seismic Response of Equipment and Structures," Proceedings
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V123 V179 V751 0ý3 0798 LIIS [10] E. H. VanMark, "Structural Response to Earthquakes,"

STORAGE RING GRER SUPPORTING STRUT Seismic Risk and Engineering Decision, Elsvier Scientific
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Figure 5. Total axial load for each of the six struts.

BUCKLING DESIGN FOR STORAGE 0TOTAL COMPRESSION VI. ACKNOWLEDGMENTS
RlING GIRDER SUPPORTING STRUT 0 AUOWA.E The author wishes to thank A. Jackson, A. Paterson,

I100..... i i - T. Lauritzen of the Lawrence Berkeley National Laboratory for
.......................... . .. ....... their support and recommendation in the ground motion and seismic

1I0 so ____ _ . design of the Advanced Light Source Storage Ring. The author also
- _ _ _ _ i _ thank the SSCL Magnet System Division Analysis Group for

140 . encouragement in publishing this paper.
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Figure 6. Comparison of seimic load and allowable
buckling load on the six strut.
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The Study of Seismic Vibration of SR Source "Zelenograd"

S. Kuznetsov,
Kurchatov Institute, Moscow 123182, Russia

E.Levichev,
Budker Institute of Nuclear Physics, Novosibirsk 630090,Russia

we can consider the orbit distortion caused by the con-
stant displacement of magnetic elements. But the ob-

Abstract server, who performs experiments using SR beam will see
a time-dependent angular and positional displacement of

The measurement results of ground displacement in the the light source. If the duration of experiment is much
frequency range from 0.1 to 100 l1z on the site of the SR more than the vibration period, the source displacement
source "Zelenograd" (Moscow) are presented. The data ac- will lead to the growth of an "effective" emittance and to
quisition system and digital signal processing software are the reduction of the brightness [2]. If the vibration period
described. The computed amplitude spectra and correla- is about the same as the experiment duration, there will
tion functions of vibrations are analyzed. Some models: be slow change in experiment conditions (radiation wave-

uncorrelated ground motion and plane waves are inves- length, flux, polarization, etc.) with time. In our case, the
tigated. The experimental results allow to estimate the SR users requirement can be written as: < z' > /I, < 5 %,
effects of the ground motion on SR beam stability, where < z' > is an effective angular deviation of the source

point (rms) and ik is the natural SR angular divergency.
The above requirement corresponds to a 10 % emittance

I. INTRODUCTION growth. For the case of the radiation from undulator (poles
number N = 24) at 1.7 GeV energy 0 = 1/-yvW = 60prad

The successful performance of experiments using high bril- and < z' >= 3prad. With the beta-function at the radia-
liant SR from a low-emittance light source calls for tough tion point /3 = 8 m, the effective orbit disturbance can be
tolerancies to the orbit stability. Among many sources estimated as < z >- 20pm.
S7 time dependent closed orbit distortion (power supplies
ripple, temperature gradient, etc.) the mechanical vibra-
tion of the magnetic elements has an essential effect on III. INSTRUMENTATION AND
beam stability because of the strong optics and rather large SOFTWARE
amplification factor of the low-emittance lattice. Conse-
quently, in the designing of high brilliant light rings, it be-
comes of great importance to analyze the effect of ground The industrial seismometer TM3-KV [3]is used to measure
motion and find a way for effective elimination or control the ground vibration amplitudes. The ratio of the signal
of the vibration to restrict orbit instabilities to an accept- voltage to the displacement within the frequency range f =
able level. The dedicated SR source "Zelenograd" is a low- 0.1-100 Hz obeys the dependence U/X = 5.2x 105f [V/m].

emittance 1.5-1.9 GeV storage ring intended for industrial CAMAC standard was chosen for the control electronics: a

application [1]. It has six-fold symmetry lattice with 115.7 microcomputer, an ADC unit, a timer, etc. The measured

m circumference. The horizontal emittance of the electron data are treated by a set of codes running on IBM PC/AT

beam at 1.5 GeV is as small as 2.7 x 10- 8 m-rad. Ten under the MS-Windows. The features of the treatment are:

3-m-long straight sections are optimized for insertion de- Fourier analysis, signal correlation functions calculation,
vices (including undulators and high field superconducting quadrupole displacement magnification factor calculation,
wigglers). etc.

II. DISTORTION TOLERANCES IV. MEASUREMENTS

Due to the vibration of quadrupole lenses the error fields The vibration spectrum was measured in the 0.5-250 Hz
deflect the particle orbit. As the vibration frequencies range, with a frequency resolution equal to 0.5 Hz (the
(0.1-100 Hz) are much less than the revolution frequency, measurement frequency is 500 Hz, points number is 1024
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and the total measurement time is 2 s). The ring foun- P = 35.
dation is a solid concrete mat which has no connection ii) The displacement of quadrupole lenses is caused by tile
with the building walls. The seismometers were placed plane wave propagating in the ground. This is true for
on the ring foundation. The data were averaged over 16 a vibration source being far apart from the object to be
measurements. First, the correlation of vertical vibration examined. Of significance is to analyse the dependence of
was studied for two detectors at a distance of 0, 10 and 30 the magnification factor on the vibration frequency and
m between them. For adjacent detectors, the correlation to calculate tihe COD for a particular spectrum of vibra-
function is close to unity within the 1-70 Hz range. As the tions. In the case of plane waves, tile i-th lens is displaced
distance increases, the frequency range where correlation depending on the the direction of wave propagation, the
is observed reduces. The vibration spectra were taken in wavelength and tile position of the lens over tile azimuth
different periods of tile day. InI particular, the effects of of tihe storage ring:
several local sources were under investigation. For exam- bzi = Acos(wt + (1 - cosoi)2rR/A)), (3)
pIe, Figure 1 demonstrates the growth of the amplitude of where Aw , and A are the amplitude, frequency and length
vertical vibration if a 10 t1 crane is im service in the storage of the wave, oi is the angle between the wave propagation
ring building. direction and the azimuth of the i-th lens (the lenses are

assumed to be positioned over a circle with radius R).

Fm 000 '0' T I I I II According to (1) and (3), the displacement and the angu-
lar deviation of the closed orbit at point s are:
z(s) AP(w, d)) (4)

-----------..........................---- z'(s) A AP(w, d)) V1 + a 2 (s) /13(s) (5)
where P(w, o)) is the plane wave magnification factor. Fig-

"01 Uure 2 shows the results of calculation of the magnification
factor P in the case of random displacements of quadrupole

lenses and the plane wave magnification factor P(w, 0) asI21
a function of the wave frequency at a wave velocity of 1000S.............................. ...... /s.

1 0000 10 000 100 00 Hz

Figure 1: The vibration amplitude spectrum in the vertical
.-6.0 0 o0 0- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .-

plane, with the crane being run (1) and when it, is idle (2). :

V. MAGNETS DISPLACEMENT A
MODELS "

For a strong focusing lattice of low emittance rings a ma- 2S 000 so 000 75 000 100 00 Hz

jor source of orbit, distortion is the transverse shift of
quadrupoles 6z. The vertical closed orbit, displacement
(COD) at. position s where 3(s) and 0(s) are the betatron Figure 2: The error magnification factors.
function and the betatron phase respectively is given by:

Figure 3 gives the f) -averaged amplitude spectrum of
ground vibration which was measured on the ring site and
the vertical COD at, the observation point, in the middle of

z(s)=v3(s)/2siin(7rv)Eiv'ik~lizcos(IO(s)-oil-7rv)) (1) the undulator straight section.

m '1,o6ob' -- -. . . . . ...
Hlere /li and Oi are the betatron amplitudes and phase for COD
the i-th lens with the strength ki and length 1i v is the
vertical betatron tune. o0000.

Two models were under studies:
li te lenses are ramndomily (displacedl, with thme ruts devi-A

ation, < 6ý: >. For this case, the rms COD) < z(s) > is .............
determine(] by: [

< >s) >= 1.. < z >, (2)........ ........ 001-00..
where P is the COD rmagnification factor: 10000 10 ON I,-
1) = /J~(s)/(2v/-2itn(7rv)) /1:74lk~l2
For the nmidd le of the straight, ilentlend for unhdmlator Figure 3: ThIe spectrnim of vibrations adl(l ('O.
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The maximum displacement and angular deviations of
the closed orbit in the vertical plane occurred at the fre-
quency 2.5 Hz: z = 0.61im and z' = 0.3prad.

VI. CONCLUSIONS

The developed instrumentation and software make it pos-
sible to measure the spectrum of the microseismic vibra-
tions and calculate COD due to the transverse shift of
quadrupoles. In our case, the measured results are quite
good and they meet the requirements for the beam sta-
bility. But when the machine equipment (vacuum pumps,
ventillation, compressors, etc.) will be put into operation,
it may effects drasticaly the magnet components displace-
ment. The local noise sources and the influence of the
magnets supports is planning to be investigated in the near
future.
For more detailed information on the subject, please con-
tact us by the address given under the headline or use
e-mail: kuzn@ksrs.msk.su
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Measurement of the Orbit Parameters at SOR-RING

Hirofumi KUDO, Kenji SHINOE, Hiroyuki TAKAKI, Tadashi KOSEKI, Haruo OHKUMA and Yukihide KAMIYA
The Institute for Solid State Physics, The University of Tokyo, JAPAN

Abstract
In the 1992 summer shutdown, beam position monitors (BPM's)[I] (2] Table I. Principal parameters of SOR-RING+

have been installed in SOR-RING as one of the R&D's for the future plan of
a VUV high-brilliant source. They have been also aimed at measuring the Injection energy 308 MeV
closed orbit of the ring and correcting it by beam steerings that have been Storage energy 380 MeV

also installed at the same time as the BPM's. With these systems, we Circumference 17.4 m
measured the closed orbit distortion (C.O.D.) at the first time since the ring Bending radius 1.1 m
had been constructed. Horizontal and vertical C.O.D.'s were then corrected Bending field 1.15 T
within 1 mm by exciting the steerings and changing the RF frequency. 'We RF frequency 120.83 MHz (at p esent)

also measured the other orbit parameters such as betatron and dispersion Harmonic number 7
functions, chromaticity and RF-cavity parameters. Moreover, it was Revolution frequency 17.3 MHz
proved in a recent machine study that SOR-RING is capable of accelerating Horizontal tune 1.28 (typical)
the electrons up to 450 MeV or more from the present energy of 380 MeV. Vertical tune 1.22 (typical)

Momentum compaction 0.636

I. Operational Status of SOR-RING Natural emittance -320 nm.rad
A. General Horizontal beam size -0.9 mm

SOR-RING [31 is the oldest among the storage rings that have been (at bending magnets)
constructed as rings dedicated to synchrotron radiation experiments from Vertical beam size -0.2 - 0.3 mm
the start. Its construction was completed in 1974. The ring is located in (at bending magnets)
the site of the Institute for Nuclear Study (INS), the University of Tokyo, Horizontal damping time 31 msec
but the facility of SOR-RING belongs to the Synchrotron Radiation Vertical damping time 26 msec
Laboratory (SRL), the Institute for Solid State Physics (ISSP) of the same Longitudinal damping time 12 msec
university. Electrons with an energy of 308 MeV are injected into SOR- Critical photon energy 110 eV
RING at a repetition rate of 1 Hz from ES, Electron Synchrotron of the Energy loss per turn 1.7 keV
INS, which is a 21-Hz rapid-cycle machine with a maximum energy of 1.3 Energy spread 3.8 x 10-4

GeV and provides the electrons to their own users. Bunch length -10 cm
250 - ...................................... ......................- 500 Synchrotron frequency 110 kHz (typical)

RF Voltage 22 kV (typical)
200 400 r- +The parameters dependent on the beam energy are the values at 380

100 20G 0IA
S .......... . ................ 1. 0 2 0 0

TIM

50 s ....... ............ .. ...... .
........ .----... "-.-.......J0 .... ........ ........ 10 321 ,

9 12 15 18 21 24 BPMfall

Fig. I Typical daily operation of SOR-RING 31

(beam current and lifetime versus time)

Electrons injected into the ring are accelerated up to 380 MeV and then
stored until the next injection. The ring is usually operated from moming OPM--041
to night with the beam injection three times per day, and the weekly 6 "
schedule is from Tuesday to Friday in accordance with the schedule of ES. s
In 1992, initially stored beam current was around 220 mA and the beam
lifetime about 200 minutes at 200 mA (recently the lifetime has been much 03C '7 NA
improved). A typical daily operation of the ring is shown in Fig.l. Total 04C
operation time in the 1992 fiscal year was about 2100 hours including
injection and machine study. N
B. Rine parameters

Figure 2 shows the plan view of SOR-RING. The ring is 17.4 m in
circumference and consists of eight bending magnets and four quadrupole

triplets. At 380 MeV the beam emittance is about 320 nm.rad and :he Fig. 2 Schematic of SOR-RING
critical energy of photons from bending magnet is 110 eV. The ring
parameters are listed in Table I.

cavity, which might be caused by outgassing from the elastic vacuum seal
C. Accelerator problees of the cavity or by heating of the upstream glass window due to direct

There are accelerator problems in SOR-RING yet to be solved; (1) ion- irradiation of synchrotron light and (3) a longitudinal instability caused
trapping that gives rise to growth and fluctuation of the vertical beam size by a higher-order-mode of the RF-cavity; for multi-bunch mode the
(see Sec. VI), (2) vacuum pressure growth around the RF- threshold currents of longitudinal instability are about 3 mA at 380 MeV

and I mA at 308 MeV.
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II. BPM and Steering Systems IV. AP3/03, rI and Chromaticity
,1 GeneralMeasuredA and

In last summer shutdown, four vacuum chambers for quadrupoles were
replaced by new ones in order to install BPM's and ion-clearing electrodes. Betatron function P at a quadrupole magnet can be obtained by

The purposes of the BPM system that is one of R&D's for a high-brilliant changing its quadrupole strength and measuring the tune shift. Figure 5

light source are to test the whole system with a real beam and to measure (a) shows A/[3/, the fractional variation in betatron function. Dispersion
and correct the C.O.D. of SOR-RING. In addition, an auxiliary coil was function can also be obtained by measuring horizontal C.O.D. at different
wound on every pole of all quadrupole magnets in order to produce steering RF frequencies. The measured ri is shown in Fig. 6 (b).
fields for correcting C.O.D. and to change quadrupole fields for measuring 2.0
betatron function. Furthermore we replaced manually controlled shunt
resistances for changing bending fields with computer-controlled electric
loads. As the BPM system is reported elsewhere [2] and [31, we will 1. -. 0

describe the auxiliary coils here. 30

20[ -fr(AJ/P)y ~ .•"10 E L,0
' -0 - 1

< 05.5

.30 (a) (b)
I I N1l 0.01 1 I

QIA Q2A Q3A Q4A QIA QI Q2 Q3 Q4 QI
PM

Fig. 5 (a) measured A4/13 and (b) r1

1.2-
01.25- vx(308M~eV)

1.2z -4x - -4

Fig. 3 Auxiliary coils in a quadrupole magnet 1 vy(380MeV;,.,dr
> 1.23-

B. Auxiliary coils
5n . 1ýrývyý(3OSM.CV)

The coils wound around quadrupoles (Fig. 3) are capable of producing 4 - y-÷12
both horizontal and vertical dipole fields by exciting appropriate pairs of 1.21 . -
coils or of changing the quadrupole strength, though the dipole fields
produced by them are not so uniform as in a case of sextupoles. However, 1.2 15 -1 a a 5 0os 1.0 1.5
beam steering by these coils does work well for SOR-RING. The Ap/p [X103]
conductor of coils is 1.8 mm i" diameter and the number of turn is 196 per Fig. 6 Measured chromaticity
coil. The power supplies (35 V x f A) are controlled by the same computer
as the BPM system. At present auxiliary coils of two quadrupoles in a
triplet are used for steerings anr those of the remaining one for changing B Measured chromaticity I

its quadruple field. Figure 7 shows the measured chromaticity. At 380 MeV the
horizontal chromaticity was not accurately measured. The figure shows

III. C.O.D. and Its Correction that the measured chromaticities in both directions are relatively large in
A Uncorrected C a It spite of a small ring and even positive, whereas their theoretical values

It was found with the BPM system that maximum values of horizontal are horizontally -2 and vertically 0.2. This discrepancy has not been

and vertical C.O.D.'s were about 3 mm and 4 mm at 380 MeV, as shown in settled yet.

Fig. 4 (a). It was also found that RF frequency did not conform to the ring O.OS .......... .... .. ................
circumference since the average of horizontal C.O.D. along the ring was
about 2 mm. At the injection energy, the maximum horizontal C.O.D. is ...... ... " "
about 9 mm. In SOR-RING, however, it seems that the large orbit
distortion at the septum helps the injection. S-0 .o ............ .. .. ..... -- . . ....... - .•-... ..- .. ....... ...... -. ..-.

5 5
4 -. Xc7o.o. • - - Xc.o.D.

3 - - Yc.o. , 3 - -- y)c.o•.DEl ' 1 ! ~ i ii
S: : 0 .. ..-E:ii

-1 "0.2 -1..o.2o
, 2  %% -2 0 so 100 150 200 250

-3 " -3 beam current (mA)
-4 (a) -4 (b) Fig. 7 Measured beam loading
-5 -5 . . I The solid line is the theoretical calculation.

Q1 Q2 Q3 Q4 Q1 Q1 Q2 Q3 Q4 QI
V. RF-Cavity Parameters

Fig. 4 (a) uncorrected C.O.D. and (b) corrected C.O.D. A. Measurement of the RF cavity Parameters

B. Correction Qf C.0We newly measured RF power and transmission/reflection coefficients
of the RF-cavity. The measured parameters of RF-cavity are listed in

To correct both horizontal and vertical C.O.D.'s, we excited the beam Table II. The value of Va in the table is a theoretical one and the Vc is
steerings (auxiliary coils). In addition, we changed RF frequency by 100 deduced from Va and the measured synchrotron frequency. Resonance
kHz to correct the horizontal C.O.D. As a result, both horizontal and frequencies and Q-values of the higher-order-modes (HOM's) were also
vertical C.O.D.'s were corrected less than 1 mm as shown in Fig. 4 (b). measured and their changes due to the cavity tuners (called flappers) were
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examined. Since the changes are very complicated, however, the data of positions. The RF signals were then fed into the BPM system through
HOM's have not been fully analyzed yet. PIN diode switches. Almost DC signals from the BPM system were in turn

fed into a FFT analyzer to find how the beam positions were fluctuating in
Table II. Parameters of RF cavity a low frequency region. Figure 9 shows the Fourier-analyzed signals of

vertical beam position within a frequency span of 50 Hz. Figure 9 (a) is

RFfrequency fRF 120.83 MHz the case where the synchrotron, ES, is operating with a repetition rate of
Generator power P 5 kW (typical) 21.25 Hz, while Figure 9 (b) is the case where ES is turned off. Clearly.

w Pg almost low-frequency fluctuations have their sources in ES. but presently
Cavity power Pc 0.4 kW (typical) we are not sure which source causes the fluctuations, magnetic field, AC
Cavity voltage Vc 22 kV (typical) line noise or mechanical vibration of ES. On the other hand, the
Accelerating voltage Va 1.68 kV at 380 MeV frequency spectra around 10 Hz seen in both figures are probably generated
Shunt impedance Rs 1.1 Mf from SOR-RING itself; suspicious are air-conditioner, cooling water

Unloaded Q-value Q0 6.4x103 system, vacuum pumps or cooling fans of RF power supply. With ES

Loaded Q-value QL 2.9x10 3  operational, the amplitudes of fluctuation were horizontally 3.6 gim and

Coupling coefficient [3 1.22 vertically 0.8 jim at 21 Hz.

Tuning range of flappers 500 kHz .

aB Ramloadiny -b 103 mA
Beam loading may be expressed by; (.a input coupling AC

(Vt + Vb sin 0) 2 + (VC +V,, cosi) 2 =V12, " ...
wher Vb = [OR ,( ) 2 +02

where Vb, = OR3 /(1 + 8), = 4/6. Ps.R~l(1+ /)2, O=synchrotron phase

and t=-2QL.Pflf, f being the resonance frequency of cavity. In a case of "
SOR-RING where the RF cavity is largely detuned and Va is relatively it; , ,

small, the Af is approximated by (the exact expression for the optimum
tuning),

Afo= A. • 0. ..R sin 9 'V.. ....
2QL V, (I +)

We can therefore observe an effect of beam loading by measuring Af in a .WY ( input coupling AC
function of beam current. We first measured the Af in a function of the

position of one flapper at low RF level; the other flapper was fixed. We
then measured the flapper position at several beam currents by keeping .. ;.,
the cavity voltage constant; the constant cavity voltage would guarantee [
no frequency shift due to thermal effect. Figure 7 shows the measured 7 .
result, which well agreed with the theoretical prediction. 7--'-

Vl. Topics In Recent Machine Study c i-- - -

A. Lifetime im2rovement

250 t ... . 500 Fig. 9 Frequency spectra of vertical beam position
(a): with ES operational, (b): with ES turned off.

S200 ...... 400.
E VI~ , C. To a higher engrv

-*.9 It was proved that SOR-RENG has a capability of accelerating the beam
..150 . ...... 300 up to 450 MeV or more with minor modification; the critical photon

"energy then becomes about 200 eV. Indeed, a low-current beam of a few
S 100 . ...... ... ....... 200 _ tens of mA was successfully accelerated to 450 MeV without any

0 0 appreciable beam loss. And it is possible to accelerate the beam further,
50 . . 0 probably up to 470 MeV, since the ring magnets and their power suppliesas well as RF power source still have a sufficient capacity. To accelerate a

high-current beam as much as in the present user run, however, we need to
0 JL33 .. L *' I.. L 0 replace the glass window for a synchrotron light monitor with a new one;

0 1 2 3 4 the temperature of the window directly irradiated by synchrotron light is

TIME [hour] more than 100 'C at present.
Fig. 8 Improved lifetime
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Challenging Issues during ESRF Storage Ring Commissioning
Annick Ropert for the ESRF Team

European Synchrotron Radiation Facility
BP 220, F - 38043 Grenoble Cedex

Abstract horizontally and 5 mm vertically, prior to any correction.
Third-generation synchrotron light sources raise numerous Since we had foreseen these large initial orbit distortions,

challenges associated with the low emittance requirement. The the first turn correction strategy had been carefully studied.

6 GeV ESRF storage ring is among the first of these new The correction which is based on a step by step transport of

sources to successfully meet these challenges. This paper will the incoming beam makes use of the 96 horizontal steerers

emphazise some of the most significant outcomes achieved and 64 vertical steerers whilst the orbit is sampled at 224

during the ten month commissioning. The experimental beam position monitors around the circumference. Each

approach to obtain the large dynamic aperture needed to allow corrrector strength is computed so as to minimize the orbit

the injection-accumulation process and a long lifetime will be deviations on the next position monitors. By means of this

presented. The upgrading of the predicted current thresholds step by step correction followed by a careful closing of the

set by multibunch instabilities and transverse mode coupling first turn trajectory, the maximum excursion of the orbit was

will be discussed. We will as well report on photon beam significantly reduced in the horizontal plane, thus enabling a

stability which is one of the most stringent requirements for circulation of the beam for 15 turns to be obtained.

the high brilliance light sources. 2.2 First stored beam

1. INTRODUCTION After having switched on the RF, we obtained the first
stored beam. The lifetime was very short: 100 ins, but long

The ESRF storage ring is a 6 GeV low emittance ring enough to get a fully damped beam (14 transverse and 25
based on a Chasman-Green type lattice. The low emittance is longitudinal damping times). There were good reasons for this
being achieved by low O3x in a large number of dipoles, thus short lifetime. Without sextupoles, the uncorrected
implying a very strong focusing and a large natural chromaticity is very large. The beam is widely spread in tune:
chromaticity. The need for strong sextupoles makes the 5-ux= -115 4AE/E =0.12, avz= -33 FAE/E "0.04, with
machine highly sensitive to errors. A perfect correction of the
orbit is a prerequisite for the obtention of a large dynamic 0 AE/E = 1.06 10- 3 . Large energy excursions push the tunes

aperture. The first injection trials into the storage ring started to the nearby integer and half integer resonance and thus limit

on February 17 th, 1992. Progress was very successful since the lifetime. A one hour lifetime was immediately obtained
all target performances were achieved and even exceeded before once the chromaticity sextupoles were set to their nominal
the end of the ten months of scheduled commissioning [1], values. Finally, before accumulating beam, we had to switch
[2]. The issues of adequate dynamic aperture, beam to the normal off-axis injection mode and then to power the
instabilities, X-ray beam stability associated with the harmonic sextupoles, the primary role of which is to enlarge
running-in of this third genaration light source are discussed. the dynamic acceptance spoilt by the chromaticity sextupoles

and to accommodate the 8 to 10 mm betatron amplitude
2. OBTENTION OF A LARGE DYNAMIC APERTURE which enables the freshly injected beam from the booster to

The primary challenge in the early stage of be accumulated.

commissioning arose directly from the extreme sensitivity of 2.3 Achieved performance
the lattice to imperfections due to the requirement for low It was essential to correct the closed orbit at best in order
emittance. Magnet positioning errors are greatly magnified by to obtain correct performance. Otherwise, puzzling distorted
the beam in such a high focusing lattice, with amplification P-functions and non-periodic dispersion could show-up.
factors of 50 (horizontal) and 100 (vertical). Although the Measured transverse and longitudinal acceptances are in
tolerance on quadrupole and sextupole alignment had been set agreement with estimations. Present lifetime (17 hours at 100
to 1/10 mm, the probability of getting the beam transmitted mA, i.e. twice the design value) is vacuum dominated.
over the entire circumference from the outset was very small. Since the first beam was accumulated, the storage ring has

2.1 First turns been operated on a working point ux = 36.43, iz = 11.39

It was decided to immediately test the low emittance which is understandably close to a coupling resonance. For
optics of the storage ring, and not a detuned version, since we reasons of injection efficiency, we have always been forced to
believed that running a detuned version in order to reduce the work near the half-integer horizontally and just below the
sensitivity to errors would not bring any valuable coupling. We still have to quantify the benefits of this
information. The strategy used during the turn-on process was coupling for the dynamic aperture. The resulting vertical
to inject the beam on-axis, with no sextupoles and no RF. emittance (3.2 10-9 m.rad) is not as small as the one
The achievement of the first turns circulating in the ring as measured with the fully decoupled optics (6.0 10-10 mrad).
soon as the injection parameters were set proves that this
strategy was very effective. The maximum amplitudes of the 3. BEAM STABILITY
beam trajectory measured by the Beam Position Monitor 3.) Target specifications
(BPM) system operated in the first turn mode was 15 mm

0-7803-1203-1/93$03.00 ) 1993 IEEE
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The quality of the closed orbit correction is essential for interlock.
obtaining intrinsic performances (small spurious dispersion to 3.3 Present closed orbit correction strategy and results
avoid spoiling the low emittance, large dynamic aperture for
injection and lifetime,..) and ensuring the reproducibility of The closed orbit procedures consist in a combination of
the X-ray beam alignment. Beam position stability local bumps and harmonic compensation. They routinely
requirements have been expressed in terms of a maximum bring the orbit distortions within 120 g.tm rms horizontally
value of 10 % of the beam size in each plane. Assuming that and 140 pain rms vertically. These figures are as expected.

the beam is stabilized at high frequency, these values should This does not ensure the reproducibility of the beam position

be satisfied in a very large frequency range: higher frequency within the specifications because the orbit drifts with time,

of the order of 100 Hz, longest periods in terms of days. A more specially in the horizontal plane, so that a new orbit
feedback system using special fast steerers is implemented in correction is necessary after a few hours.

each straight section to compensate for the high frequency Therefore a permanent closed orbit correction had to be
fluctuations whilst slow fluctuations are corrected with the implemented. This periodic correction must ensure that the
standard orbit steerers, drift between two corrections does not exceed the stability
3.2 Influence of the environment specification and that the beam displacement induced during

the correction itself is acceptable. This is presently achieved
Environmental stability is of prime importance to achieve with a correction automatically triggerred every 15 minutes.

stabilities of a few microns. In the long-term this A global correction is first applied by means of an harmonic
performance can be affected by movements of the tunnel compensation of a few harmonics around the tune. It has the
resulting from ground settlements. Permanent monitoring of advantage that all the existing BPMs are not necessary to
the relative girder vertical position is performed by means of a compute the correction; we thereforc exclude the straight
Hydrostatic Levelling System. A peak to peak evolution of 3 sections which might be influenced by the local feedback.
mm over the circumference following the removal of a large Also this method provides a correction at all source points.
amount of earth was recorded during commissioning. This The ultimate stability in straight sections is achieved by two
global movement did not affect storage ring performance since local bumps (to provide both position and angle) which are
the wavelengths were long compared to the betatron powered as a function of the readings on 2 BPMs. Each
wavelengths. However, the zero of the HLS system was straight section can be corrected independently of its
moved outside its operational range, thus imposing a neighbours. The resulting long-term stability presented in the
realignment of the ring. Thanks to the use of remote- graph hereunder is below the 10 % specifications.
controlled jacks that equip the girders, this operation took c s nom-crftl~d straights all straights corr.ctod

only a couple of hours in January 1993. Following the 10
realignment, the machine performance in terms of residual
closed orbit was easily re-established. 7

Medium-term stability of the closed orbit can be
deteriorated by temperature variations along the tunnel. A! I-
variation of 0.20 C over one week is currently recorded at a
given location around the circumference. Low frequency .
vibrations induced by cultural noise could also affect the .
closed orbit. Components at 7 Hz induced by the eigenmodes - e .
of the girders and at 10 Hz from the pulsed magnets of the Z
booster have been identified. Their contribution is below the 3.4 Localfeedback
10 % targeLt

From the outset of commissioning, we had a strong This already excellent performance can be improved by
means of a feedback. For that purpose, each insertion deviceconcern about any misalignment of the photon beam frn-diseupdwthwohtnbam oiin

impacting the vacuum vessel, since power densities from
insertion devices are equivalent to that of a welding machine monitors. The signals from these sensors are used to feed four
and a fault on a single steerer can generate an intolerable orbit fast steerers located at both ends of the straight section which
distortion. The protection of the vacuum chamber is therefore act on the position and angle of the electron beam in both

ensured by a low frequency interlock relying on a set of planes. The first feedback was installed and commissioned on

dedicated beam monitor positions triggering a fast beam abort the machine diagnostics beamline. The typical performance is

system (<2 ms) based on RF switch-off. In the early stage of the following: a factor of 10 gained at 7 Hz and a factor of 2
commissioning, we ran by accident and for several hours a 20 at 50 Hz. Since then, three more feedbacks are operational and
mA beam which was coherently unstable in the vertical plane enable to obtain peak to peak displacements of a few microns
and thereby damaged a few vacuum vessels. This instability, when the loop is closed.
occuring at betatron frequencies (140 kHz), was not detectable Effects of insertion devices were expected to be very small
on the interlock system. We have now installed a dedicated since the focusing effect scales inversely as the square of the

1513



energy. Due to the high field quality achieved after shimming, 4.2 Single bunch
no significant orbit distortions are observed with the 4 Some experiments of the time of flight type require single
insertion devices presently operated. short bunch (5 mm) operation. The instabilities are driven by

the short term wake resulting from bunch interaction with the
vacuum chamber broad-band impedance. On the basis of our

4.1 Multibunch case model of impedance, no strong bunch lengthening was

The ESRF has been designed to run mainly in the expected. The transverse instability threshold resulting from

multibunch mode (992 bunches) at target current of 100 mA. the classical fast head-tail scenario of coupling between modes

Transverse coupled bunch instabilities appeared at rather low 0 and -I was expected at a current of about 7.5 mA.

intensities and led to damaging a few vacuum vessels before A threshold at 2.5 mA, i.e. 2 times less than the 5 mA
the problem was clearly identified and cured. The target was measured at zero chromaticity. Fortunately, by
manifestation of the instability corresponds to about 10 increasing the chromaticity to a large positive value (kz =
betatron lines, each of them associated with a coupled bunch 0.7), we have been able to push the theshold up to 10 mA.
coherent motion with decreasing amplitudes on both sides of The follow-up of vertical betatron frequency shift as a
every harmonic of the revolution frequency. The source of the function of bunch current indicates that the mechanism of the
instability is the long range wake of the resistive wall instability is more complex than mode 0, -1 coupling and
instability. To stabilize these modes, we applied the standard that the total frequency shift could be much larger than the
over compensation of the chromaticity which enables the nominal synchrotron frequency.
spectrum of the mode to be pushed towards the positive 4.3 Few bunch mode
frequency region associated with the damping effect of broad-
band positive resistance As soon as this remedy was applied, This mode of operation (8 or 16 bunches equally spaced)
we were immediately able to raise the intensity to 100 mA. looks very attractive since it can serve simultaneously a large

Our present vertical chromaticity stands at 0.4. In the community of users, those requiring a high current and those

long-term, a large number of flat insertion device vessels will running time of flight experiments. In addition coupled bunch
beoinstalled and la e resistver o ala impertiondevce willselsrea instabilities would be much less severe and easier to feedback.
be installed and the resistive wall impedance will increase. For the moment, we have not pushed this mode of filling
Increasing the chromaticity to provide more and more further because of a surprisingly bad lifetime (only a fewdamping cannot be pursued to infinity since it would induce hours at 100 mA) associated with a very high pressure. There

detrimental non-linear pollution of the dynamic aperture and howee encagin sitha te bad vacuum

consequently of the injection speed and lifetime. With a view conditions are due to the poor electrical contacts from the

to lowering the strength of the instability, we tried to decrease

the vertical tune just above the integer, down to 11.1. In springs maintaining the RF fingers all around the ring and

these conditions, the coupled bunch mode with a frequency damaged during bakeout
line at -0.9 f0 interacts with a lower resistance. However the 4.4 Electrons or positrons
much lower injection efficiency and the much higher Beam stability and lifetime could be strongly affected by
sensitivity of the beam centre of mass to vibrations which ion trapping. It had been decided at the beginning of the
spoils the brilliance led us to abandon this solution. project to start the facility with electrons and to review the

One is more used to coupled bunch modes excited by need for positrons according to the experience gained
Higher Order Modes in cavities. Our multicell LEP type worldwide in the mean time. After one year of
cavities with a high shunt impedance at the accelerating 352.2 commissioning and operation, design performance in terms of
MHz frequency were predicted to induce longitudinal and current, lifetime, emittances have been reached and even
transverse coupled bunch instabilities. Threshold currents of exceeded without any evidence of detrimental ion-related
the order of 60 mA were anticipated from computations. In effect. Of course, trapping of dust or macro particles cannot
the longitudinal plane, we are confronted with strong coupled be excluded in the future. For the time being however, the
bunch modes driven by HOMs around 500 MHz and 900 positron option will not be implemented.
MHz when the machine is filled uniformly. Most of the time, 5. CONCLUSIONS
these non-destructive instabilities occur between 90 and 100
mA in a non-systematic way and this leads to a saturation of The innovative solutions developed during the ESRF
the filling process or lifetime accidents. Extensive design phase to face the challenging problems raised by third-
investigations are being made to avoid their excitation; in generation synchrotron light sources have been successfully
particular a temperature control of the cavities to keep the applied during commissioning and beginning of routine
HOM frequency away from the beam frequency looks operation. We are now ready to take up the challenges that
attractive. The present solution consists in adopting a will be raised by the next generation of sources.
different filling pattern. The beam is clearly very stable (both The author would like to gratefully acknowledge the major
longitudinally and transversally) with respect to HOMs and contribution of many colleagues to these results.
the resistive wall, when filling the machine with a gap.
Apparently, the 2 lis gap between the passage of the tail and 6. REFERENCES
the head renders the coupling impossible. We have already [1, J. I. Laclare, "Commissioning and Performance of the
succeeded in storing a 125 mA beam with these conditions. ESRF", These proceedings
HOM driven transverse instabilities were supposed to severely [2] A. Ropert, SR Commissioning Notes 1-21, Internal Reports
limit the current. Until now, we did not suffer from them.
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Upgrading to 500mA of the Stored Beam Current
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Abstract increased from 14 kW to 28 kW by replacing the main power

At the SORTEC I-GeV SR source facility for the study of tube RS2012CJ with RS2058CJ. The RF coupler was also

X-ray lithography, the upgrade of the stored beam current replaced to accommodate the increase of nominal capacity of

to over 500 mA was performed. The RF cavity power supply the RF power supply. Figure 1 is a photograph of the up-

was increased from 14 kW to 28 kW together with modifi- graded RF power coupler and RF power supply.

cation of the RF coupler. In addition, the pumping system In addition, the vacuum system of the storage ring was

and the cooling capacity of the storage ring were also re- reinforced by increasing the pumping speed against the

inforced. Reconstruction work and beam tests for upgrade higher photo desorption gas under increased beam current.

were carried out for 3 months beginning April '92. A stored The ultrahigh vacuum pump using NEG modules (SAES

beam current of 500 mA was successfully achieved within WP-1250, ST707) (NEG pump) was newly added to remove H,

only 2 weeks after the beam operation was restarted. At at downstream from of the each straight section where the

present the lifetime has reached 25 h. These results are pressure is relatively higher than that in the each bending

discussed from the aspects of the key issues for upgrading section.

of the stored current and the SR beam aging effects on the The ion clearing voltage to cancel out the beam self field

time-evolution of the lifetime, was needed to minimize the reduction of beam lifetime and
the increase of beam instability due to extension of beam

I. INTRODUCTION current. The nominal voltage of power source applied by

the existing disk-type ion clearing electrode, installed at

The SORTEC SR facility is the dedicated machine which seven out of eight straight sections, was increased to 1.5 kV

was constructed mainly for x-ray lithography development from 500 V. A clearing electrode was newly installed at the

and has been successfully operating since October 1989 one straight section previously not equipped with an

without serious failures. In order to use this system for SR electrode. The stripe-type ion clearing electrode, instead

lithography, the exposure time by SR will be required to be of the existing disk-type, was newly installed in each

as under as that by conventional optical lithography in high chamber of the NEG pump. The diagram of the vacuum

throughput requirements. system of the ring is shown in Fig. 2.

To reduce the losses of the beamline at the mirror and The temperature rise due to the increase of beam

the Be window and devel, p a hi. h sensitive resist and so, a

maximum stored beam curre, t of 50OmA with lifetime of 20h

will be required for SR ring [1]. To achieve this

requirement, upgrading of the SR ring to 500 mA was

scheduled to begin in April 1992. The preliminary machine

studies to solve technical problems had been carried out

within the capacity limits of existing SR ring in parallel with

the regular operations since November 1990 [2]. RF Power Couple FPoeSuply

II. MAIN ITEMS OF THE UPGRADE [3]

For the upgrade of the stored beam current to 500 mA,

the nominal capacity of power supply for RF cavity was

RF Ca Ity

* Present Address: Kelhin P'roduct Operations, Toshiba Corpo-
ratlon, 2-4 Suehlro-cho. Turumlku. Yokohama 230, Japan

* -Prosent Add ress: Technology Dovelopmont Dlv. FUTJ ITIU I.I1TED).

1015, Kamlkodanaka Nakahara-ku Kawasakl 211, Japan Fig- I Photograph of RF coupler and RF power supply.
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current was the primary problems and was solved as

follows. The temperature rise of the ceramics duct facing a
bump magnet was reduced to one half by forced ventilation

by a fan. The temperature rise around the SR port was also > .\ •-•j -i

suppressed by adding local water cooling pipes.

Ill RECONSTRUCTION WORK .

RF Ca,,,ty

The reconstruction work for the upgrade was performed T_ j _ 7
by shutting down the facility from April 20 through July 20, 2 L t Heavy L P AN

192 S.,, Heavy Lined Parts Are Newly ••'1992.

The replacement work for the RF power supply and RF Installed for Upgrade.

coupler was performed. The RF power coupler was installed

with the antenna loop at the bottom set at an optimum angle -4,

to obtain a coupling constant /0 of 4. Ie) 8\5 D

The installation of the RF coupler and NEG pumps

was performed carefully by filling the vacuum duct of a

ring with dry N2 gas. " " ,ector

The vacuum components, which had been previously I

degassed by baking for 48 h at 250*C before installation,
were degassed again in the vacuum duct for 48 h at 150 ± 10 Fig. 2 Schematic diagram of vacuum system oftherlng.

TC in a vacuum. Figure 3 shows the pump-down curve of

the storage ring. The NEG pump was reactivated during 10

baking to minimize contamination of the duct. After •x
completion of these procedures the average base pressure p p,., 0, (str,.•ht s.,,) Re.oJ-.to 0 "
decreased continuously and reached 3.6x10-9 Pa (2.7x10-11 0 S0 P sisrt / ., 0 TGP (Uppdo.) Z_

Torr) at straight sections and 4.9x10-9 Pa (3.7x10-11 Torr) /
at bending sections.

Regarding the RF accelerating system, the relationship e 1T.0-P- t.

between generation power and reflection power was t0 150o 1•'oC 2
* ~150-optimized by setting a stability requirement. As a result of 500 IJ 00'c

this, it was confirmed that on 500 mA operation, the *1 -1 • 50C

Rqoe•e-et-o of SIP NEG 50
generation power is 28kW and the reflection power of 10kW ' ' '...... , ,. ............... , ,.,.,

0 12 5 0 12 0 12 0 12 0 152 0 12 0 12 0 12 0 12 0 12 0 12 0which is absorbed by the circulator of the RF power supply. % % % % %

1992
IV. RESULTS OF BEAM OPERATION Fig. 3 Pump-down curve of the storage ring.

The beam operation of upgraded facility was restarted

on July 2. The improvement of the stored beam current - -----I-------
from start of beam operation to the achievement of required " -. .

500 mA is shown in Fig. 4. On the first day of the beam

operation a current of 200 mA was stored with the lifetime of - ---------- ........ ......... 1.
2.5 h. Figure 5 shows the brief history of the beam lifetime. ZThe required current of 500 mA ias achieed with the lifetime of ....................................................................
The required current of 500 mA is achieved with the lifetime ----- ------I...

of lOh on July 14 only 12 days after the start of beam •

operation. - -

Since August 5, 1992 the storage ring has been OZ, I;.

providing SR again for the inner users who first started to 'J

use at 200 mA. The beam lifetime extended steadily .....................

according to the increase of integral dose by inner users G..

and our machine studies. Figure 6 shows the improvement of
?/ |P ItI ,1 7 SI*IIII| I5 I / I NH

beam lifetime as a function of time-integrated beam current ..... oat. D ,.

in comparison with the data from first beam operation in ,,,, LI , I,,
1989 until the start of upgrading work and the data after Fig. 4 Improvement of the stored Oat. s

the upgrading. The I- T after upgrading is about 5 times beam current from start of

as large as I- T from initial beam operation at the same beam operation to 500 mA. Fig. 5 Brief history of

integrated beam current in spite of interruption of the the beam lifetime.
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10- After Upgradin 9 E'75
a :t 200mAF '92.4.16X

5 atSOmA, o 93.3.29 wl 500
WINDOW

2 0 0 250 e-PASS
CL0 _______W______

2' Beor UpgG ASK

d 8S. 12,2 (at 200.A)0

-0.5 o. WAVE LENGTH (nm)

0(SR lGeV 12 0,A
'92. 7. 2

0.2- (Pt- nirror 21nrrad) (Be 35 pm)
0 ~ (He O.It1tPa 0.3m) (SiN 2pm)

0.1 - 69.9.29

I .Fig. 8 SR spectrum at IGeV-500mA SORTEC ring.
0.05- 0

0120012 5t 2'0 50O100 200 500(1000 2000

Integrated Beam Current (A-h) vacuum and replacement of the Components. This

Fig. 6 Improvement of beam lifetime as function of remarkable extension of the lifetime after upgrading mainly

depends upon the memory effects of beami duct cleaned by
integrated beam current. beam dose over a long period. The highest stored beam

recorded so far at 1 GeV is 5l2mA on Oct. 22 ,1992, as shown

- 50 10in Fig. 7. The SR ring is filled to 500MA within 10 min. The

600 Sto-d Bi~,,i cu'ret a. beam lifetime at 500 mA is 21 h. At present, the maximum
beam lifetime reached 25 h in February.

-ý 500 --al 1----- sumrzstedsindadahee

to' - performance. As a result of the upgrade of the stored beam
4030 E ~ current to 500 mA from 200 MA, synchronous radiation

power was increased by two and a half times. The power
E3020 E density per horizontal angle of 1 mrad ranging from 0 to 2

10
11 200,..'Le..0 nm was 1470 mW /mrad. Figure 8 shows the spectrum of

.10 synchrotron radiation for the upgraded 1-0eV 500 mA ring.

V. CONCLUSIONS
0
0 I 2 3 4 5 6 7 c

Time (h) The works for upgrading has been completed success-

Fig. 7 Typical operation of the facility fully as scheduled with high performance beyond our
expectations. As a result of the success of upgrading to

Tabl I ainparmetrs f SRfaclit atSOREC. 500 mA with over 20 h, the SORTEC 1-GeV SR source has

Tabl 1 ainparmetrs f SRfaclit atSOREC. attained top levels all for beam current, beam lifetime and

______________ _____X-ray power as a dedicated SR source for industrial use.

Des~gned Achieved

Storage Ring VI. ACKNOWLEDGEMENT
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Performance of Upgraded SORTEC 1-GeV 500 mA
SR Source Facility

T.Kishimoto. M.Kodalra*. N.AwaJ-*1, K.MNukugl and M.Araki
SORTEC Corporation

16-1 Wadal, Tsukuba-shi, lbaraki 300-42, Japan

Y.KiJlma and M.iaraguchi

Mitsubishi Electric Corporation
3-1-1 Marunouchi, Chlyoda-ku, Tokyo 100, Japan

Abstract twice a day to recover the beam reduction of about 15 %

At SORTEC, the 1GeV SR source facility has been suc- because of long beam lifetime. Table I shows main

cessfully upgraded. The ultrahigh vacuum of the storage parameters of the storage ring.

ring was completely recovered. At present, the maximum

beam lifetime reached 25 h at 500mA and 80 h at 200 mA.

Machine studies are continuing for investigation of the Table 1 Main parameters of the storage ring.

beam behavior at various stored beam currents of up to

500mA, by using the merit of the full energy injection
Oe.,to n, ro mnde "-lar" "Round"

scheme. In this paper, the performance of RF accelerating
* (avlt beam energy

system, ion clearing effects and vacuum characteristics are toa beam current Sao
t1h) beam lifetime 20 425) 60 180odescribed. As a result, It is shown that the lifetime ,nIR injection cycle 0.31

predicted from the theoretical considerations has been -/vrj betatron lune 2201225 2.143/2.149

almost attained. (1/py(lm) avg. beta function 4.36/6.55 4.41/5.93
coupling of bete func. 0.1 m

C./tgy(orm Fed) emillance 0.622/0.062 0.35/0.55
ý,O/EyO natural chromaticity -2.991-0.20

I. INTRODUCTION 2,/ky chromaticity 2.26/-1.83
a momentum compaction 0.185 0.104
AP/P(10-3) momentum spread 0.462

The reconstruction work for the upgrade, which was t(ml ring circumference 45.73
tRIMXZ) RF frequency Ila

performed by shutting down the facility from April 20 1-tv(MHZI resiatoonfrequency 6.5556
h/B harmonics/bunch no. Will

through July 20, 1992., has been completed successfully as 1stlMobm) s.hnt impedance 1.35

scheduled with high performance beyond our expectations. ý(t pg factor 4.0

iJOlkelU) radiation loss 31.93
As a result of the success of upgrading to 500 mA with over or(kUt cavity gap voltage Too

WirkfZi synchrotron frequency 46.3 46.1
20 h which will be requested in order to use for SR PtkwI RFnbower(Maxr28 $1,11) 22

lithography , the SORTEC 1-GeV SR source has attained top

levels all for beam current, beam lifetime and X-ray power

as a dedicated SR source for industrial use. The beam

lifetime at 200mA extended 70 h at the before upgrade and

the ultrahigh vacuum of the storage ring was completely

recovered[l]. At present, the maximum beam lifetime 50 t0'-.

reached 25 h at 5OOmA and 80 h at 200 mA. Machine studies 600 Stored BeanC.,rt

are continuing for investigation of the beam behavior at Pressure< 500• -4 4O

various stored beam currents of up to 500 mA, by using the E

merit of the full energy injection scheme. 400 3 0

It. UPDATE BEAM OPERATION 300 -j
ES20 200) Beam Ldlet-e `

Figure 1 represents a typical daily operation. The beam 03 200 10

lifetime of the ring is 24 h at 1GeV ,5OOmA of ae storage 0

current. After an initial warm-up of 1 h in ' a morning, a 100

nominal beam current of 500 mA is stored iithin 10 min.

New beams are refilled in one or two minutes only once or 0 2 6 8 tO 12 10

Time (h)

* Present Address: Kelhin Product Operations, Toshiba Corpo-
ration, 2-4 Suehlro-cho, Turumiku, Yokohama 230, Japan

*.Present Address:Technology Development Dlv. FUJITU LIMITED, Fig. 1 Typical daily operation.
1015, Kamlkodanaka Nakahara-ku Kawasaki 211, Japan
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Ill. SALIENT RESULTS OF UPGRADE
J0 -

A. Optimization of RF Acceleration System .3

The output power and reflection power were optimized Rb 3

by taking into account the stability of the system. Figure 2 VC/" / •

shows the vector diagram and indicates that the peak cavity 6/ 4
voltage Vc is a vector summation of the beam loading voltage /2 /,

Vb and generator produced voltage Vg. The cavity voltage I
Vc was increased from 90 kV to 100 kV by improving the 0 V/

Touschck terms effecting on lifetime [2] and stability of the

beam. The condition for phase stability is theoretically giv- 10 data;
en by using the stability factor s [3] as Fig. 2 Vector diagram of an

S-Vc- sin 0 +Vb. sin 0t >0

The relationship between output power and reflection RF accelerating system.,I

power were investigated by taking into account a margin of 0 ....

10 kV (namely s>10 kV). Under this condition,it was also • 0

found that coupling constant 6 would be required 4 and Un 40

detune angle a for phase stability would be needed 10 - 20 2010i

for attaining 500 mA and set up for regular operation. 0--

As a result it was found that the output power of 28 kW was 2 0  
2M l

attained and the reflection power of 10kW was absorbed by I (mA) 600

the circulator of the RF power supply as a result of the RF

system test. Fig. 3 Pg. Pr and S as a function of beam current.

Figure 3 shows calculated RF generator produced power

Pg, reflected power Pr and stability factor S as a function

of beam current at a =20 - . The measured values of up to

500 mA were compared and agreed well with the calculated

values. According to these results, Pg is 22 kW at 500 mA

and up to 600 mA can be stored at 28 kW( an upper limit of

Pg).
10"-

Sta~h Secton Bend.n S~clto aeww4, s.~n

B. Vacuum characteristics ,nd beam lifetime S4 B7

Figure 4 shows the dependence of normalized pressure

rise A P/I for the straight section and bending section on w . ._

integrated beam dose since the beginning of operation in 4

1989. A P/I was almost flat before the upgrade, and 0- f 0

however again begins to decrease sharply after the * t:.

upgrade. The ultrahigh vacuum of the storage ring was - ,0E".,

completely recovered when the beam lifetime exceeded 70 h,

which was the maximum value before the upgrade at 200 mA. Z
It reached 80 h only after 8 months as shown in Fig. 5.

These effect may have been caused by installation of a new

NEG pump, although closer observation will be needed. 0 , 10 100 1000

Integrated Beam Current (A-h)

C. Effect due to a trapped ion
To clear an ion, the existing disk-type ion clearing elec- Fig. 4 Change of normlzed pressure rise AP/I

trode, installed at seven out of eight straight sections. To

all electrodes including already installed before the increased from lower voltage, for example -1100v or less.

upgrade,applied voltage was increased to 1.5 kV from 500 V. Figure 6 shows the clearing voltages showing hysteresis as

One ion clearing electrode was newly installed at the one a function of stored beam currents in three zones: A,B and

straight section previously not equipped with an electrode. C. The clearing voltage is required for set up in zone A.

A stripe-type ion clearing electrode, was newly installed in Figure 7 shows the beam lifetime as a function of clearing

each chamber of the NEG pump. When the clearing voltage voltage at different beam modes of round beam(No. 2R) and

is decreased from OV after storing beam current, the beam flat beam(No. 2F)as shown in Table I and stored beam cur-

lifetime is clearly improved at less than some fixed voltage, rents of 200 mA and 500 mA. For No.2R the beam lifetime was

These threshold voltages are almost proportional to stored improved to 75 h from 20 h at 200 mA and 22 h from 9 h at

beam currents and are higher than those when voltage is 500 mA by applying Vic-1100V previously been used in
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1000

200,mA O00A j

IQN
6Q % I IO00

4" " o- e

E: -Iq lO1A¾~ 20U'.AI
5' Z "1 Fig. 8 Comparison of

' 0 , . 500-Al measured beamzf E 10 / I. ..

40?v -• -1 / ,O,,A lifetime and

E • 0.A ..... cal culated one.

D 30 - , 00o

20 • - 20 03 04 05 06 07 0 8 09
2•I ' /[ .•`% iE (GEM)

- ...... regular operation. When ions are cleared, average

, _.pressures in the vacuum duct of the ring being increased.

96 1992 - ... i -9 - ,99i -. ,.93 However for No.2F, the beam lifetime was not clearly
-Date confirmed to have been changed. It was nearly 10 h at 200

mA and 6 h at 500 mA at either Vic=O or -1100 V in spite of
Fig. 5 improvement of beam lifetime.

average pressures in the ring being increased when

Vic=-1100 V.

SRon S D. Beam lifetime

[ Fiat 8.m A Figure 8 shows the beam lifetime calculated for the round
5v 800 beam based on the Touscheck lifetime and beam-gas lifetime

-1 for different beam energy and current. In the figure,the

c measured beam lifetime at 1GeV-200 mA and 1GeV-500mA areto• 600 -/
60 2,- ', compared and agreed well with the calculated values.

0
>----- I The lifetime at 600MeV-lOOOmA tested before the upgrade
0f ,E
C 400 are also shown.

C IV. CONCLUSION
O 20 A Ion C l eared

200 8 Ion Unclea~ed

C 0C,.--d 0,A, Whn The performance of the upgraded 1-GeV 500 mA SR ring
V,, Lo.ed f-m A is presented. The performance of RF accelerating

0 I0 1 200 300-~ 400 "- 5-O'- 0 system, ion clearing effects and vacuum characteristics was
0 100 200 300 400 500 600

presented. The measured beam lifetimesare compared and

Stored Beam Current (mA) agreed well with the calculated values predicted by

preliminary R&D and machine studies. As a result, the SR
Fig. 6 Clearing voltage as a function of beam current

source facility has attained top levels all in beam current,

beam lifetime and x-ray power as a dedicated SR source for

industrial use.

* V A 1-on C0ea-1d
1,.n Unclea'ed
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DESIGN OF TEST LINAC FOR FREE ELECTRON LASER*

H. Kang, I. Ko, M. Cho, and W. Namkung
Pohang Accelerator Laboratory, POSTECH

P. 0. Box 125, Pohang 790-600, Korea

Abstract magnet for bunch compression and energy selection, and two
Pohang Accelerator Laboratory (PAL) is constructing the standard accelerating columns.

2-GeV Pohang Light Source (PLS), a dedicated synchrotron A 30-MW klystron will provide RF power to the gun cavity
radiation source. The injector of the storage ring is a 2-GeV and two accelerating columns. Two undulators will be set up at
linear accelerator. The construction of the linac will be com- the end of each column. A circulator and an integrated phase
pleted by the end of 1993. We plan to construct a test linac using shifter/ attenuator will be used for RF gun system. The klystron
some spare components after the linac construction. The design and its modulator will be located at the comer between the
of the test linac is based on two accelerating columns and a klystron gallery and the test lab. One penetration hole to the
matching girder, a klystron, and a modulator after upgrading tunnel has been prepared at this comer for the waveguide.
current 60-MeV preinjector. The energy of the test linac will be B. Design Parameters
50-MeV, and the peak current be 30 A. The radiation wave-
length is expected to be from 3 to 30 microns. A thermionic For the SLAC type accelerating column, the peak value of the
RF-gun is considered as an electron beam source. The whole beam induced voltage is about 0.15 MV/m/10nI 0 6 due to the
test linac can be installed by sharing present 2-GeV linac tunnel longitudinal wakefield effect [2]. It gives a peak voltage of 45
and the gallery. kV/m for a bunch of 0.5 nC charges. Throughout the total 6-m

long accelerating sections, the peak induced voltage will be
I. INTRODUCTION about 270 kV. This is about 0.5 % of final beam energy which

is 50 MeV. To compensate this effect, a phase shifter will be
Pohang Accelerator Laboratory is constructing a 2-GeV inserted to the waveguide line in the second accelerating column.

linear accelerator as a full energy injector to the storage ring, a The phase change of the RF field from the klystron creates an
dedicated synchrotron radiation source. The 60-MeV preinjec- energy spread. The tolerance of the phase change should be less
tor was completed by February 1992 under the international than 2.5 degrees in order to minimize the energy spread. An
collaboration with Institute of High Energy Physics, Beijing, adaptive RF feed-forward control of the klystron is currently
China. At present, nearly half of the 2-GeV linac is completed, studied [3]. Major parameters for the test linac is summarized
and by December this year, the whole linac will be installed and in Table 1.
will be ready for its commissioning [I]. The 2-GeV linac will
be controlled under VME-based control system during commis- Table 1. Major parameters for test linac.
sioning and normal operation that is expected from July 1994.

However, the preinjector control system which is based on Beam Energy Range 20 - 50 MeV
INTEL Bitbus system is different from the rest of the 2-GeV RF Frequency 2,856 MHz
linac. Thus, a modulator and a klystron of the preinjector along Electron Beam Source Thermionic RF gun
with its control system will be replaced by VME-based ones later Beam Energy after RF-gun 0.9 MeV
this year. Klystron Output 30 MW

There are also spare parts from the preinjector and the main Pulse Length 8 pis (flat top)
linac. Two accelerating columns and an aluminum girder are Tolerance of Phase Change < 2.5 deg.
left from the preinjector program. Some of waveguide compo-
nents will be available if they are not completely used during the Energy Spread <0.5 %
installation. The design of the test linac for a free electron laser Micropulse Peak Current 30 A
(FEL) is based on these left-over components. Normalized Emittance < 95 ir mm-mrad for

X = 3 pm at 50 MeV
II. LINAC DESIGN Repetition Rate 10 Hz

A. General Layout
Figure I shows a general layout of the test linac assigned at III. RF-GUN DESIGN

the corridor of the E-gun room in the tunnel. This space is
approximately 30-m long and 4-m wide. The linac consists of a A. 1j/pe ofRF-Gun
thermionic cathode RF gun as an electron source, an alpha There are usually three different electron sources dedicated

to FEL research. One is a conventional type thermionic gun with
a subharmonic buncher and a buncher. Others are a photo-

* Work supported by Pohang Iron & Steel Co. and Ministry of cathode RF-gun which uses short laser pulses, and a thermionic
Science and Technology, Korea. RF-gun. The conventional type is a reliable one, but it is limited

0-7803-1203-1/93$03.06 0 1993 IEEE
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in reducing the
emittance. The
photocathode
type is very ex-
pensive and
complicated,
although it has
many goodfea- ,'
tures. We _______________

have, thus, cho- e-gun Room
sen the ther- 2 GeV Linae

mionic R-gun -
for the test li-
nac. Although
this has some
disadvantages
such as back
bombardment,it is quite con- Fig. 1: Layout of test linac with present 2-GeV linac tunnel.

pact and rela- external electric field. The field profile is calculated by the
tively inexpensive. In order to reduce the back bombardment, SUPERFISH program in the absence of space charge, and the
several methods have been proposed such as an 1-1/2 cell with RF GUN code uses it as an input data. The RFGUN code
different field amplitude, a ring cathode, and a magnetic deflec- includes a power balance equation in the cavity. With a given
tion [4]. input power, the RF_GUN runs until the sum of beam loading

B. RF GUN code power and power loss at the wall equals the input power.
A cFigure 2 shows changes of maximum beam power andA code called RE_GUN is used to simulate the RE-gun cavity. average current in terms of the input power and cathode tempera-

This code integrates the longitudinal equation of motion under ture, respectively. The average current is a sum of electrons with

1.4 270 their momenta within the range of ±40% with respect to the peak
[Cot h merot. i900 ] momentum of the bunch. The bunch length of useful electrons

,.6 • is about 20 ps. Normalized rms emittance calculated by PAR-

1.2 •-MELA is 35 it mm-mrad.
250 v C. RF-Gun Design

U The RF-gun is a standing wave type one-cell cavity. Optimi-
I-240 [ zation of the cavity shape was done by using the SUPERFISH

__. __ and the RFGUN codes. The ratio of the peak axis field to the
1-230 peak surface field is about 0.5, and the ratio of the field at the

0.8 cathode to the field on the axis is about 0.64. The cold coupling
0.7 ____ coefficient J3 (= 1 + Pbeain/Pcavity) calculated by the RF_GUN is0.71 220 aot25

I.2 t4 1.6 ,.8 2about 2.5. It is chosen, however, as 3.5 in order to allow higher
.40 P 40 beam loading. The iris hole size of coupling structure is deter-

mined by MAFIA code.
Figure 3 shows a cross-sectional view of the RF-gun cavity.

300 The cathode assembly can be demountable, and an RF choke
joint around the cathode stem is adopted. Cathode material is

___ 200 LaB6 and its diameter is 3 mm.

E ~, D. Gun-to-Linac Design
_______ _ ~The Gun-to-Linac (GTL) transport line is shown in Figure 4.

1:00 An alpha magnet is used to match the longitudinal acceptance of
F, -P--,i.: 1.5 mthe linac. The good field region of the alpha magnet is about 13

'0 cm. A momentum filter is introduced inside the alpha magnet
51800 80 1900 1950 vacuum chamber. A pair of electric plates (30mm x 30mm, 2
Cotod, lo•wo•.ie (K) cm gap) is placed inside the alpha magnet vacuum chamber in

-,- om E -ry 8- Cur.,t order to deflect undesirable electrons which are generated during

Fig. 2: Beam energy and current changes in terms of input the RF-filling time (- 0.83 ps) of the accelerating column.
power (top) and cathode temperature (bottom). Required voltage is larger than 4 kV.
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IV. FEL DESIGN

A. FEL Parameters

Parameters for undulators and optical radiation are summa-
rized in Table 2 and 3, respectively. The wavelength of resonant
radiation is given by

X. = X.w, (l+K) / 2 •(1)
where Xw is the undulator period, y is the relativistic factor, and
K is the undulator parameter.

Table 2: Undulator parameters

Period Length (?,w) 3.0 cm
No. of Period so
Gap 10 - 15 mnn
Undulator Parameter (K) 0.5 - 1.5 Fig 3: Cross-sectional view of RF-gun cavity.
Structure Tapered
Type of Magnet NdFeB

B. Electron Beam Transport
There are two electron beam exits in the test linac as shown

in Figure 1. Main considerations in the design of beam transport RF Gun

lines were that the beam waist be located at the center of the
undulator, and that the size of the beam waist be less than 0.8
mm for 3 pm radiation. The effective length and the bending
angle of bending magnets in the achromatic section are 27 cm Bi

and 300, respectively. A quadrupole triplet is used to match the L
electron beam waist to that of the optical beam at the center of
the opticl cavity.

Table 3: Design parameters for optical radiation QM

Spectral Range 3 - 30 pIn
Cavity Length 4.5 m
Reyleigh Length 0.75 m Fig. 4: Gun-to-Linac transport line.
Mirror Curvature 2.5 m
Beam Waist (min.) 0.85 mm for X = 3 pm

2.68 mm for X = 30 pm BPRM BPRM
Spot Size (radius) on Mirrors 2.53 mm at X, = 3 gi BPRM

8 mm at A. = 30 pin
Macropulse Length 5 pts (flat top) Q,

Micropulse Length 5ps (FWHM) /CT
Small Signal Gain for I = 30 A 73 % at 0 = 10 pm MIRROR UNDULATOR

Operation Mode - Oscillator
- Amplifier
- Harmonic Generator Fig. 5: Layout of optical resonator beamline.

The layout of optical resonator beamline is shown in Figure [2]. P. B. Wilson, et al., "Application of Storage Ring RF sys-
5. There are three beam profile monitors (BPRM) in the beam- tems and Linear Colliders," AlP Conf. Proc. Series, Vol. 87,
line. The first one is located to find the center of the electron p. 450 (1982).
beam. Second and third BPRMs will be used to measure the [3]. J. Xie, "An Adaptive RF Feed Forward Control System for
energy spread. ATF," CAP-ATF-Tech. Note 12 (1991).

[4]. C. B. McKee, J. M. J. Madey, "Optimization of a Ther-
V. REFERENCES mionic Microwave Electron Gun," Nuci. Inst. andMethods,

[!]. W. Namkung, et al., "Progress of PLS 2-GeV Linac," these A304, p 386-391 (1991).

proceedings.
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II. Status of the Project
Abstract The general layout of the ELFA project has undergone an

extensive review since its first presentation[7]. The
The goal of the revised ELFA project (Electron Laser Facility fundamental physics goals, which are at the heart of the
for Acceleration) is to operate with short bunches a high-gain proposal, have gained a primary role over the technological
free electron laser (FEL). The paper describes the main development. The main components of the original proposal
components of the experiment and discusses the choice of the (semiconductor photocathode injector, superconducting
parameters for the linac, the electromagnetic wiggler, the ( sei nducto r pod ietor, serc ndmicrwav geeratr, he avegideandthe eamandcavitities and hybrid wiggler) would require a research and
microwave generator, the waveguide and the beam and development effort that would not be compatible with the
radiation diagnostics. time scale and economical planning of the overall

I. Introduction experiment. In this sense our new approach has been to seek
a design that could produce beams with minimum

ELFA is a high gain free electron laser designed to characteristics necessary to demonstrate all the physics of
operate in the microwave region with the waveguide control ELFA eliminating all non-essential technical risks and
of the group velocity of the radiation[ I]. minimizing both the delivery time and the cost of the main

At the level of fundamental physics the goals of ELFA subsystems. A general layout of the revised apparatus is
are to verify and characterize quantitatively: shown in Fig. 1 and the main parameters are summarized in

* the self-bunching of the electron beam; Table 1.

* the production of high power radiation by coherent Table 1. Main ELFA parameters
spontaneous emission on higher harmonics in a two Electron Beam
wiggler scheme; Beam Energy Ek= 6 MeV

* the FEL lethargy starting from noise. Normalized emittance (hard edge) En= 200 nt mm mrad

The first goal includes the experimental demonstration of Energy spread Ayy= ± 1%

the existence of three different regimes of FEL operation: the Peak current I > 50 A

steady state regime (zero slippage), the strong superradiance iicrobunch length T > 35 ps

regime (strong slippage) and the weak superradiant regime Microbunch number 3

(very strong slippage)[2]. With respect to the production of Repetition rate 10 Hz

radiation the performances of a high gain FEL amplifier in Wiggler

the steady state regime were first measured several years ago Wiggler period Xw= 10cm

at Livermore[3,41 using long electron pulses from a linear Peak wiggler field B= 1.0-3.6 kG

induction accelerator. The physics in the two superradiant Wiggler parameter aw= 0.66 - 2.4
Overall length L,.= 8 mn

regimes, however, has never been investigated Oera velength = 8 m
experimentally. ELFA intends to study these regimes with Betairon wavelengths (i) 0= 2.2 1% = 0.8
short electron pulses by controlling the slippage with a rmsfe eros01
properly designed waveguide[5]. Groove waveguideWidth 5 cm

The first two researches have also significant applications in Height (center) 10.04 mm
the accelerator technology. In fact the bunching of the Microwave radiation
electrons in the picosecond or sub-picosecond domain should Wavelength 4 = 3 mm
be able to produce electron pulses with tens of kiloamperes of Input power Pi, = 1 kW
peak current useful as a drive beam in a two beam Expected peak output power PoUt 10 MW
accelerator[6]. Similarly, the second research can allow the FEL parameters
production of high power coherent ultraviolet radiation in Fundamental FEL parameter p = 2 x 10-2
absence of a stimulating source and without starting from Saturation length L., = 5 m
noise (very long wiggler). Gain length L, = 0.5 m
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Fig.1 General layout of the experiment

The basic components of the ELFA project are: conditions for the power consumption and the saturation level
" a RF linac delivering a 6 MeV electron beam with a peak in the ircn.

current of 50 A; Table 2. Main wiggler parameters

"* an electromagnetic wiggler of period 10 cm with a Type DC iron core electromagnet
maximum peak dipole field on axis of about 3.6 kG; On axis gap g = 4.0 cm

"* a microwave source (100 GHz) and a waveguide inserted Harmonics content < h%Pole ength22.5 nmn
in the wiggler gap in order to control slippage effects in Pole profle Cylindrical (R = 160 mm)

the FEL; Maximum current 300 A

" beam and radiation diagnostics to measure the energy Magnetomotive force/coil 3600 At
spectrum and time structure of the electron and FEL Total maximum power P = 250 kW
radiation. Excitation pattern 1-2-2-2-1

The wiggler has been Jesigned in order to produce an
MI. The Accelerator System horizontal focusing of the electron beam in addition to the

intrinsic vertical focusing. A transverse profiling of the pole
The linac consists of a gridded triode electron gun, a surfaces[101 has been preferred with respect to external

prebunching standing wave cavity at 1.3 GHz and a linac quadrupole focusing or pole canting techniquesf 11] because it
operating at 1.3 GHz to produce a 6 MeV electron beam. is less disturbing for the FEL process. Finally, the global
Details on the linac design are reported in other papers [8,91 harmonics content has been reduced, by optimizing the pole
presented at this Conference. length, to be lower than 1% of the fundamental, in order to

The beam line has been designed in a modular way to maintain a high coupling between the field and the electron
provide flexibility and it consists of three sections: beam. A full scale, one 4, model (at X, = 12 cm instead of
"* the transport section to obtain electron beam waists in 10) has been built to test the theoretical predictions, based on

both the transverse planes; analytical models and numerical 2D simulations, for the field

"* a matching section to adapt the beam to the wiggler; strength and quality, the harmonics content and the
transverse field distribution needed for focusing.

"* an analysing section to control on line the stability of the Fig. 2 shows the peak on axis field as a function of the
beam energy and energy spread. current with and without PM assisting, compared with the 2D

POISSON simulation results.
IV. The Wiggler At the maximum nominal current (I = 300 A), where the

Some additional parameters of the wiggler are listed in pole iron begins to saturate, a peak field about 6% lower than

Table 2. the one obtained with the 2D POISSON code has been found.

The wiggler period and gap have been chosen in such a For this reason transverse pole tapering, in order to further

way to satisfy the FEL resonance condition in all the different reduce the power consumption and the saturation effects, will

experimental setups, without achieving prohibitive working be carried out in the wiggler prototype.More details on this
work can be found in Ref. [121.
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0.. POISSON Simulation .....
Pfluorescent screen characteristics using a very low energy

(M electron beam and developing a complete station for image
0 eE.M.exp.dataP.M.assisted .. ' acquisition and analysis. Horizontal and vertical profiles,

.,i= transverse emittances (using the pepper pot technique) are
automatically measured after an image of the beam has been
taken. Real time display of the intensity distribution over the
spatial coordinates of the beam may be displayed on a
dedicated color monitor, to help the beam transport up to the

.i wiggler.
'I. The longitudinal profile of the beam would be studied

using Cerenkov radiation analyzed using a streak camera
which will give us resolutions up to 2 ps. Such a limit is well
within the requirements before the beam experience FEL

0.0 100 200 300 400 interaction. The energy distribution and the energy spread at
I (A) the exit of the wiggler contain a quantitative description of

the FEL interaction mechanism. To measure these quantities
with a suitable resolution (0.1-0.2%) it is necessary to use a
magnetic spectrometer with a large dispersion. A complete
design of such a component has been carried ouL

Fig. 2 Measured peak on-axis field as a function of current, Microwave radiation average power would be measured
compared to POISSON simulations. using He cooled bolometers. Radiation pulse duration and

time structure would be investigated by means of
V. Microwave generator and waveguide interferometric techniques.

The high gain FEL amplifier needs a 100 GHz master VL. Conclusion
oscillator with enough power to trigger the FEL process and
to maintain the saturation length shorter than the wiggler The ELFA project has been submitted to an international
length. A commercial Extended Interaction Oscillator (EIO) referee committee which gave a positive evaluation at the end
at 100 GHz with a peak power of 1 kW, a mechanical tuning of 1992. We are now waiting for the final approval and
of ± I GHz and a maximum duty cycle about 1%, seems the funding from INFN.
most suitable solution.

The interaction structure, inserted in the gap of the References
wiggler, is a waveguide, whose large cross section is [11 R.Bonifacio et al., Nucl. Instrum. and Methods, A289
necessary in order to accomodate the transverse motion of the (1990), 1;
electron beam. An oversized rectangular waveguide can be [21 R.Bonifacio, L.DeSalvo, P.Pierini, N.Pioveila, NucL
used in the experiment also if this guiding system leads to Instrum. and Methods, A296 (1990), 358;
some problems related to the control of unwanted high order [3] T.J.Orzechowsky et al., Nucl. Instrum. and Methods,
modes, that are excited by the beam itself and by any A250 (1986), 144;
waveguide discontinuity. For this reason another guiding [4] T.J.Orzechowsky et al., Phys. Review Let., 57 (1986),
system has been considered, the so-called groove guide, 2172;
which is a typical low loss transmission structure in the 3 mm [51 R.Bonifacio, L.DeSalvo, NucL Instrum. and Methods,
band. It consists of two parallel conducting planes, where two A276 (1989), 394;
longitudinal grooves permit to trap a guided electromagnetic [6] W.Schnell, CERN-LEP-RF/88-59 (1988);
wave. The characteristics and properties of the groove guide [7] E.Acerbi et al., Proceedings of the 2nd European Particle
are described in more details in a paper presented at this Accelerator Conference, Nice, June 1990;
Conference[13]. [8] W.A.Barletta et al., "Design study for the ELFA linac",

VI. Electron and Radiation Dia these Proceedings;
[9] G.Bellomo et al. "Design and test of prototype cavities for

Electron beam diagnostic would rely on the use of the ELFA linac", these Proceedings;
electromagnetic detectors, like strip-lines, which provide [101 E.T.Scharlemann, J.Appl Phys., 58 (1985), 2154

resolutions in position measurements up to tens of microns, [11] K.E. Robinson, D.C. Quimby and J.L. Slater, IEEE

and of image based systems. A lot of information about beam Journ. Quantum Electr., QE-23 (1987), 1497

characteristics (profile, position with respect to pipe axis, [ 12] E. Acerbi et al., Proceedings of the 3rd European

transverse emittance, time structure) may be obtained placing Particle Accelerator Conference, Berlin, March 1992;
on the beam path a material that gives a linear optical [13] P.Arcioni etal., "The groove guide: a non-conventional

emission in response to the interaction of the beam and to interaction structure for microwave FEL experiments", these

look at the image through a camera. We started investigating Proceedings.
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Design and Construction of a Compact Infra Red Free Electron Laser CIRFEL
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Grumman Aerospace Corporation

4 Independence Way
Princeton, N. J. 08540-6620

3.5 cell, Pi mode RF cavity, which produces a very high
Abstract gradient (60 to 80 MeV/meter) on its surface. The

The 5-15 micron Grumman Compact Infra Red Free "electrodeless emission" of electrons is controlled by the laser
Electron Laser CIRFEL which will produce extremely short and allows extremely smooth control of the spatial and
pulses of tunable radiation under construction is described, temporal profiles, and the electron current. The cathode is
Electron pulses are produced at a repetition rate of up to 10 Hz also heated from the rear to a temperature below the
by the illumination of a single crystal <001> LaB6 photo
cathode with a photon injector, a 6-10 psec, 349 nm Table I
(frequency tripled Nd-YLF) laser mode locked to the 20th Electron Beam Specifications
subharmonic of 2856 MHz. Photoelectrons are further eam Energy <7 - 13 MeV
accelerated and guided to the superconducting microwiggler otal Charge 1 _-_2_nC

by a robust beam transport system through an achromatic ulse Width(FWHM) 5-_7_pe_
bend. The - 10 MeV electrons interact with the optical ormalized Emittance < 6 1-1 mm-mrad

radiation inside of a near symmetric laser cavity. The FEL Slice Emittance -I1 - 3 1 _ mm-mrad

output will be coupled out through a hole in one of the cavity Peak Current 150 A
mirrors. The CIRFEL system is expected to be delivered in .Energy Spread 0.2 - 1.5% Selectable
1994.

thermionic emission level so as to present an extremely clean
surface to obtain a high degree of repeatability with the lowest

I. INTRODUCTION possible emittance. A cold model of the gun cavity has been
tested and the the final version of the gun is being fabricated.

The compact IR Free Electron Laser under construction B. Photoinjector Laser
by Grumman will be assembled at the Princeton University's
Physics Department under a Joint Research Agreement and In order to optimize the efficiency of photo-emission and
will serve as a platform for advanced research in Physics and to have control over the characteristics of the emitted
Engineering. The facility will be used initially by groups electrons, a photo injector laser which meets exacting
working in the area of multi-photon dissociation for pollution specifications and repeatable performance is required. The
control and biophysics. The CIRFEL system is described, electron gun is in the process of being fabricated. The photo-
summarizing the progress made with each system component. injector consists of an oscillator, an isolator, a pulse slicer and

two stages of amplification. A schematic of the photon seed
II. SYSTEM DESCRIPTION laser system is shown in Figure 2. The mode locked, diode

pumped oscillator operates in the TEMOO mode with 1%
The CIRFEL system comprises of the following system energy stability and less than lpsec RMS phase jitter over 10-

components, (1) High brightness photocathode electron gun, 20,000 Hz. The >200 mW output from this laser is produced at
(2) Photo-injector laser, (3) 30 MW S-Band RF source, (4) the a frequency of 142.8 MHz and single pulse pulse widths of 10
beam transport system, (5) the FEL microwiggler, (6) the FEL psec or less at 1047 nm. The oscillator feeds into the ampfliers
optical cavity, and (7) associated support hardware sub- separated by a passive Faraday isoator. Before being fed into
systems. Figure 1 shows the layout of the CIRFEL which the amplifiers the light pulses go through a pulse slicer which
occupies two levels with the photoinjector and the high power will select a variable range of 200 to 1400 pulses for
RF system on one level, and the rest of the system on the amplification. The two stage amplifier system amplifies the 10
ground floor. Hz pulse train to >0.13mJ per pulse at 1047 nm after 5 passes.

The beam will then be down collimated and frequency tripled
A. High Brightness Photocathode Electron Gun for an expected 20 microjoules in 5 - 7 psecs at 349 nm. The

The high brightness photocathode gun designed for CIRFEL near collimated beam produced by this system is transported

is an extremely bright source of electron beams and is to the CIRFEL system at ground level by turning and steering
specified by the parameters shown in Table 1. The mirros with reflectivities optimized for 45 degree incidence
Photoclectron source comprises of a 6 mm diameter LaB6 and p-polarization. The beam is then expanded in a telcscope
cathode illuminated by a photon injector and is situated in a and then focussed with a long focal length refractive optics
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followed by a half wave plate so as to optimize incidence intercavity Brewester plate or a hole coupling through one of
angle of the polarized light on the cathode. Optical elements to the mirrors. A preliminary set of optical elements,

correct the unequal pathlengths reaching the cathode
illuminated at shallow angle to the normal at the cathode Table 2

surface are being studied. FEL Microundulator

The oscillator has been completed and has met all the Undulator Period 7 - 8 mm
specifications for being integrated into the amplifier, Number of Periods 50 (tapering possible)
frequency multiplier system. The beam delivery optics from Yoke Material 1066 Iron
the photo-injector to the cathode has been worked out except Conductor Superconducting Wire or
for the details of the optical element to correct path length. Copper Sheeo

___________________Copper Sheet

C 30 MW S-Band RF source Peak Field 4 kGauss
Field Error - 0.3 % RMS

The RF power feed to the gun and booster cavitties is Nmerof - 30

based on a ITT 2960 Klystron. Variable attenuation and

variable phase features are incorporated into the design. The saturation

RF source is presently under construction. The master Energy extraction 1% (untapered)
oscillator has been fabricated and tested.

and optical parameters have been determined using the lowest
D. The Beam Transport System order Gaussian optical mode. The FEL wiggler cavity vacuum

is sealed using ZnSe windows set at Brewster angle for the
The beam transport system is shown in Figure 1. A zero initial working wavelength.

current achromat is designed for the chosen achromat bend
radius. A beam size is chosen at the entrance of achromat and G. Support Sub-systems
with TRACE 3D the beam is symmetrized so that it has an
alpha=0 at the center. Enough drift spaces are left on either The support subsystems comprises of (1) The vacuum
side of the magnets for their comers. The bends are not sectors system, (2)The power supply for magnet control, (3) the
and the entrance angle is 22.5 degrees. The source beam is master control system, (4) the photo injector laser and electron
guided into the achromat via telescope, a pair of lenses and beam diagnostic system, (5) the cryogenic system, and (6) the
guidtspaed into thepost achromat viaotelescope airg om l es ad FEL optical cavity control hardware/software system. The
drift spaces and the post aThromat focussing system guides the CIRFEL control system software is written using National
beam to the wiggler. The system is still in the process of being Instruments' LabView software package, running on a
refined to take into consideration the conditions at the slit and Macintosh Quadra 950 with a GPIB (IEEE-488) interface card
tune the system for space charge effects. The system design and a GPIB bus extender. The design is still in very
has been confirmed with PARMELA. The quadrupoles and preliminary stages. In the normal mode of operation, the
the steering magnets have been acquired and the dipoles are software checks the operator input for any changes to settings
being fabricated. Automation of the magnetic measurements for power supplies or other devices. If such changes are
and preliminary measurements on the quadrupoles have been detected, the appropriate device is reset. The devices are

completed. cycled through the control strategy and after each control
cycle the output levels are read for all devices and the display

E. The Microwiggler updated. If appropriate, the level of each is checked against its
setting and a tolerance specification and a warning is issued if

Initial experiments will be carried out with a permanent necessary. All devices will be controlled through the operator
magnet wiggler. The mechanical design has taken into console via the virtual representation of the system .
consideration the incorporation of a superconducting wiggler
in the final design whose parameters are as shown in Table 2. 111. CONCLUSIONS
An alternative pulsed microwiggler with normal conductors is
also under investigation. The CIRFEL when it becomes operational will provide

Fourier transform limited pulses in the TEMOO mode, infra red
F. The FEL Optical Cavity radiation with the characteristics shown in Table 3.

The preliminary design under study consists of a near IV. ACKNOWLEDGMENT
concentric, near symmetric stable cavity, a choice near
universal in FEL optical cavities. This design superposes the This work is supported by the Grumman Aerospace
optical field on the electron beam as effectively as possible for Corporation.
as large a distance along the electron trajectory in the wiggler.
The cavity will consist of totally reflecting mirrors which can
be used over a wide wavelength range, especially in the 5 to
12 micron range. The method of coupling light will be by a
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Table 3 HN1IF No

FEL Laser Pulse *"Specifications I
Radiation Wavelength 5.3 - 14 1 m

Pulse Width (FWHM) 5 - 10 psec
Energy / pulse > 100 9'J

Pulse Separation 7 nsec
Peak Field 4 kGauss HG C

Generaio

Pulses / macropulse 200- 1400

Repetition Rate I - 10 H 1064w,

Maximum Average Power 1.5 W

Fourier transform limited pulses in TEM 00 mode
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Abstract high gain, single pass amplifier relying upon self-amplified,
spontaneous emission (SASE).

Recently the SSRL/SLAC and its collaborators else- Many features of an FEL single-pass amplifier depend
where have considered[l] the merits of a 2 to 4-nm high on the dimensionless FEL parameter[2][3][4] p given by
power FEL utilizing the SLAC linac electron beam. The 22

P -fB p '.w B
FEL would be a single pass amplifier excited by sponta- p eZ_.0  • 16 w7a2 (2)

neous emission rather than an oscillator, in order to elim- 169k2,C 2 = 69k!C2

inate the need for a soft X-ray resonant cavity. We have where kw is the wiggler wavenumber, aw is the dimen-
used GINGER, a multifrequency 2D FEL simulation code, sionless wiggler vector potential, J. is the current density,
to study the expected linewidth and coherence proper- Zo s 377 ohms, and fB denotes the Bessel function cou-
ties of the FEL, in both the exponential and saturated pling term for a linearly polarized wiggler. For most FEL's
gain regimes. We present results concerning the effective of interest, p - 10-1 - 10-2 and is thus a small parameter;
shot noise input power and mode shape, the expected sub- the proposed 4-nm SLAC FEL has p • 1.5 x 10-3. For
percent output line widths, photon flux, and the field tem- cases where the diffraction length is much greater than
poral and spatial correlation functions. We also discuss the gain length, the peak growth rate for the power is
the effects of tapering the wiggler upon the output power rmaz % 4kwpzm where Zm = V/3/2 for the limiting case of
and line width. no energy spread, and approximately '/P/(A-ejJ/7) when

A7 _> 2p-t. Here A-f.j1 is the total "effective" energy
spread (i.e. true spread plus the equivalent spread intro-

I. Introduction duced due by non-zero transverse emittance and external
focusing effects). Saturation (due to the energy spread ex-

The free-electron laser (FEL) has an attractive fea- ceeding P7) occurs at a total power[2]
ture of being tunable over a fairly extensive operating
range in wavelength. For the VUV and soft x-ray re- Psat A$ PPbeam (2)

gions of the spectrum, FEL's may offer brightnesses many For the particular case of a SASE FEL, Kim[5] predicts
orders of magnitude larger than existing lasers and syn- that after the necessary 2-3 gain lengths for exponentially
chrotron light sources, presuming that GeV-energy beams growing modes to dominate over decaying and oscillatory
of relatively high currents (> 1kA) and low emittance modes, the spectral intensity has an rms width
(c, < 10mm-mrad) are available. Recently workers at
SSRL/SLAC and collaborators elsewhere have suggested Aw/wo s, (9p/2wrV3N)'1 2  (3)
using the SLAC linac electron beam in a single-pass FEL where N is the number of wiggle periods, k,,z/2r. The
amplifier excited by spontaneous emission to make an effective input power produced by shot noise is
extremely high brightness laser (.- 10GW peak power,
lO1 photons/micropulse-mm2 -mrad2 peak brightness) in p.4 s p2 7mec 2 2 (4)
the 4-nm wavelength regime. For many applications, the 21

output linewidth and mode shape are primary concerns Ref. [5] also predicts domination by a single transverse
since the spontaneous emission input "seed" is incoherent mode with full transverse coherence for most cases of in-
both temporally and spatially. In this work, we present re- terest and that the spectral bandwidth at saturation is
suits from a multifrequency 2D FEL simulation code that Aw/wo -- 1/N,8 t stz p (5)
bear on these concerns. First, however, we review theoret-
ical predictions by others for the predicted effective input Beyond saturation one can extract, in theory at least,
power, gain lengths, saturated power, and linewidths for a additional power by tapering the wiggler (e.g. reducing

as,). To the best of our knowledge, there are no quanti-
"This work was supported at LBL by the Director, Office of En- a.). T o the behoviorlof the arectraquand-

ergy Research, Office of Fusion Energy and Office of High Energy a tative predictions as to the behavior of the spectral band-
Nuclear Physics, U.S. Department of Energy, under Contract No. width in a SASE-dominated FEL beyond saturation; i.e.
DE-ACO3-76SF00098 and at LLNL under contract W-7405-ENG-48. in the non-linear regime.
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Table 1. Parameters and Simulation Results

Standard parameters: y = 1.37 x 104 A7 = 5.48 c.(rms) = 3.0 mm-mrad a. = 4.13 A,, = 83mm

Input &1 Predicted Simulation Results

lbeam P I/P Pin PPbeam dim. N,0  Pin P.. 1  Tilp Aw/wo

0.5 kA 9.83 x 10-4 1015 81 W 3.4 GW ID 1000 110 W 4.8 GW 3.3 fs 7.6 x 10-4

0.75 kA 1.13 x 10-3 885 110 W 5.9 GW 1D 850 140 W 6.2 GW 2.4 fs 1.1 x 10-3

1.0 kA 1.24 x 10-3 806 130 W 8.7 GW ID 745 200 W 8.8 GW 2.5 fs 1.0 x 10-3

2.5 kA 1.68 x 10-3 595 240 W 29 GW ID 565 300 W 32 GW 1.6 fs 1.6 x 10-3

2D 865 160 W 17 GW 2.7 fs 9.3 x 10-4

II. Simulation Code Description 6n(rms) = 3.0 mm-mrad. The rms beam radius of 66pm
corresponds to that expected from external quadrupole fo-

GINGER [6] is a 2D, time-dependent particle sim- cusing with 6 = 10m. Note that this focusing is much
ulation code directly descended from the LLNL FEL- greater than the "natural" wiggler focusing. Save for the
simulation code, FRED [6]. Like FRED, it models single- lowest current density run, saturation occurred well within
pass amplifiers and follows electron motion in all three di- the chosen wiggler length of 83 m. Plots of the spectral
mensions. The electromagnetic field is presumed to be power density show a Gaussian distribution with a width
axisymmetric and, as is generally done, to be composed of decreasing with increasing z until saturation, as predicted
a "slow" temporal modulation of the "fast" time behavior by [5] and others. To measure quantitatively the narrowing
of the fundamental mode [cx exp(-iwot)]. Within GIN- of the spectrum, we have computed the temporal autocor-
GER itself, all quantities are followed in the time domain - relation function C(r). Defining T1/2 as the point at which
decomposition into frequency components is done only as C(r) falls to a value of 0.5, a Gaussian spectrum distribu-
a diagnostic by a postprocessor code. Both the electron tion of width Aw will follow
beam and EM field are divided into longitudinal slices in
time (generally 128 in number for this investigation). As Aw/w0 • 1.18/wor1 /2  (6)
the electron-beam slices move through the wiggler, they When the autocorrelation decreases exponentially[7] [i.e.
"slip" behind the optical-field slices due to their slightly C(r) oc exp(-r/rc) ], the numerical factor increases to
lower longitudinal velocity. For these runs, both the beam :; 1.39. Table 1 presents values for r1/ 2 and Aw/wo for the
and field were assumed to be periodic in time, with a period various ID runs, together with the predicted [c.f. Eq.(4)-
more than twice that of the total slippage time over the (5)] and measured values of the effective input power, satu-
full wiggler length of 83 m. Since the expected correlation rated power and N,0 t. In general, there is very good agree-
time is less than one-quarter the slippage time (= 13 fs), ment between the measured and predicted values, and, fur-
we do not believe that the adoption of periodic boundary thermore, the growth of r1 / 2 with z, as shown in Fig. 1,
conditions has led to significant, unphysical effects. also confirms the predictions of Eq. (3).

The initial "seed" for the SASE runs presented here A limited number of 2D GINGER simulations, which
was shot noise, which is modeled by adding the appro- include both diffraction and the increased effective energy
priate random 6•b and 6x to the particles's initial uniform spread from beam emittance and external focusing, were
longitudinal phase and transverse coordinates respectively, done for the standard case. The results (see the last row

In order to minimize CPU time, most runs were done of Table 1) showed larger required distance for saturation,
in an "ID" mode where both the EM field and beam cur- lower saturated power, and reduced spectral bandwidth.
rent are modeled by their on-axis densities. These runs are The 2D runs shows transverse coherence being established
useful in checking the theoretical results summarized in the rapidly (e.g. within a couple of gain lengths) and excellent
Introduction, but neglect effects such as diffraction, emit- optical beam quality at saturation (Strehl ratios of 0.98
tance, and betatron motion which may play an important or greater). Diffraction (the Rayleigh range is only -_ 2 m)
role in restricting Awl/wo. plays a key role in narrowing the gain curve and thus deter-

mining the output spectrum. Fig. 2 shows the spectrum at
saturation; since this corresponds to only % 25 fs of a 150-

III. Results fs micropulse, one should do a mental "ensemble" average
of P(A) to obtain a more realistic estimate of the spectral

We did a series of ID GINGER simulations, varying profile. A second 2D run increased the external focusing
the current from 2.5 kA to 0.5 kA keeping all other pa- by a factor of two (i.e. 0 = 5m), thereby decreasing the
rameters constant (see Table 1). We adopt, as a "standard electron beam area and Rayleigh range by the same fac-
case", the parameters of Ref. [1]; namely, lb = 2.5 kA and tor. The saturated power increased to 27 GW, nearly the
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Figure 1: The autocorrelation time r 1/ 2 versus z for differ-
ent beam current values; the data are from ID simulations. I E.04

The region to the upper left of the dotted line label "slip,-
page time" is forbidden due to causality. The dashed line 1 E-93

labeled "theory" corresponds to Eq. (3) and (6).

1.e2 E + 0

same as the standard case ID run, but r1 / 2 decreased (to 3.87 3.94 4A.0 4.06 4.13

1.8 fs). Reducing / further to 3 m led to no further power Wavelength (nm)
gain but, beginning near the saturation point of z = 50 m, Figure 2: The spectrum at saturation from a 2D GINGER
the transverse mode quality began to decrease rapidly. As simulation for the "standard case". The power is binned
a side note, monochromatic 2D runs initiated with 160 W into wavelength intervals of .002 nm.
of field power produced saturated powers of 15 GW for the
standard case for / = 5 and 10 m.

We also ran a few ID simulations with tapered wig- untapered wiggler. Tapering may restore much or all ofglers, in which aw was appropriately reduced with z to keep this lost power while keeping the bandwidth small, but we
alersign paricle a,,,, 0.35) appro atl a cnstant loitun zto caution that the output power and electric field is expected

phase. Although the output power at z = 83 m increased to be "spiky" in time (rather than in optical phase which
significantly (300 GW for lbeam = 2.5 kA, 40 GW for 1.0 is more common for many chemical lasers). This spikiness
kA), the output spectral bandwidth increased by 30% or might preclude certain applications. Both these changes
greater compared with the values at power saturation to (lower I., tapering) will, of course, require a longer wig-
the untapered wiggler cases. Some of this increase may be gler.
due to the peak of the gain curve shifting in wavelength
from the nominal value of 4 nm in the untapered regime; References
this shift might be prevented by a "better" tapering strat-
egy. On the other hand, we have seen no evidence from [1] C. Pellegrini et al., "A 2- to 4-nm High Power FEL on
these 1D simulations that the bandwidth decreases from the SLAC Linac", Proceedings of the 14th International
its minimum value at saturation. FEL Conference, to be published 1993.

[2] B. Bonifacio, N. Narducci, and C. Pellegrini, Opt.

IV. Discussion Commun., 50, 373 (1984).

[3] L.H. Yu, Krinsky, S., Gluckstern, R.L., Phys Rev. Let.,
The results from our simulations confirm the previ- 64, 3014 (1990).

ous theoretical predictions concerning required saturation
length, saturated power, and spectral bandwidth for a [41 Chen, Y-H., Kim, K-J., Xie, M., Nuci. Inst. & Meth.

single-pass FEL amplifier initiated by SASE. Although the Phys. Res., A318, 481 (1992).

predicted power at saturation for a full 2D run is -- 40% [5] K. Kim, Phys Rev. Let., 57, 1871 (1986).
less than that from ID theory, this bad news is partially
ameliorated by a simultaneous 40% decrease in output [61 R.A. Jong, W.M. Fawley, E.T. Scharlemann, "Model-
spectral bandwidth. If it is desirable for particular ap- ing and Simulation of Laser Systems", SPIE 1045, 18
plications to reduce w/"w further, it may be necessary to (1989).

reduce Ib since w/w. •. p - I3. This would have the [71 Yariv, A, Optical Electronics, 3rd ed. (Holt-Rinehart,

consequence of reducing Pat which scales as I/3 for an New York, 1985), pp. 327ff.
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4nm FEL Based on the SLAC Linac
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Abstract Table 1: The base set of parameters for the SLAC based

x-ray FEL.

A 4nm free electron laser (FEL) operating in Self y Energy (mc2) 14000
Amplified Spontaneous Emission (SASE). and using the En Emittance normalized 3 x 10-6
SLAC linac as a driver has been extensively studied (mm-mrad)
using the FRED3D[II and TDA3D[2] codes. Using a 7 Peak Current (A) 2500
GeV beam with a normalized rms emittance of 3 mm- Pulse Length (fs) 160
mrad and a peak current of 2500 A. obtained by UE Uncorrelated energy spread 4x x0-4
longitudinal bunch compression, the FEL can provide au Undulator parameter 6
about 20 GWatt of peak power, in a subpicosecond 8.3
pulse. The FEL saturation length Is about 60 m. Strong -u Undulator period (cm)

focusing in both planes is provided throughout the )x Optical wavelength (nm) 4

undulator by a FODO quadrupole system. We have p FEL parameter 1.7x 10-3

studied the system gain. Its optimization and FEL
tolerance to beam parameter changes, wiggler errors and
misalignments. Beam Parameter Studies

The sensitivity of the FEL output to input beam
Introduction parameters is paramount. The results presented below

The promise of producing bright, coherent, short are given in terms of the power gain length, Lg,

wavelength XUV and X-ray radiation has yet to be P(z)= Poez/LS (1)
fulfilled. Free electron lasers have long been touted as where P is the power as a function of the distance down
the right tool for this task. Yet, in the nearly twenty the FEL, z, and P0 is the input power. The effects of
years since the first operation of the FEL, the short electron beam and undulator parameters on the FEL
wavelength challenge has not been met because of the
limitations on beam brightness. Now it seems possible to performance have been described by a i-D model [3] and
produce copious amounts of short wavelength radiation by a full 3-D analysis (reviewed in Ref. [51).
using technology developed in the last few years [3,4,51.
The primary distinguishing feature of this device is the Emittance
electron beam. A high current, low emittance (high The usual constraint on the (unnormalized)
brightness) beam produced by an RF photocathode gun beam emittance is that it be smaller than the wavelength
is accelerated to high energy (multi GeV) using a portion of radiation divided by four pi (e<XL/4n). Typically, the
of the SLAC linac. This beam is what distinguishes this gain length of a device starts to increase dramatically
design from other potential x-ray FEL schemes [61. when this limit is violated. Conversely, when the

A large parameter space was explored in order to
optimize the FEL The constraints where to maximize the emittance is reduced, the gain length shortens. The total

output peak power while restricting beam and undulator output power at saturation is not dependent on the

parameters to state of the art. A three dimensional emittance until the limit is strongly violated. This last
analytic model [71 was used to Initially explore the statement is true for a fixed strength (beta function)
parameter space while particle simulations where used focusing channel. It is possible to optimize the focusing
to refine the choices. Table 1 lists a set of base strength for a given emittance.
parameters. Subsequent sections of this paper present For the 4nm case of interest here, a normalized
FEL performance as functions of beam and undulator beam emittance of 4.5 x 10-6 mm-mrad is required by
parameters. The main objective here is to establish the the limit. As Figure 1 shows, the power gain length
FEL tolerances with respect to changes in beam and increases rapidly after the limit is exceeded.
undulator parameters and alignment errors.
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4.0 variations. Not only does the source have to be stable.
but so does the compression scheme. Hence, it is

"T 3.5 ......................................................... ........................... Im portant that the FEL not be strongly sensitive to
variations about the design current. Simulations reveal

3 .0 ............... ............................. ........................... that. again at saturation, the output level Is nearly
_ S identical for a wide range of currents (see Figure 3). Of

S2.5 ............................ . .................... course, the gain length varies with the current, but not
so much as to pose a problem.

2.0
no 1 .5 ........................... ............ 0..............................................f . . .. .. ..... ....
* .lOs. .

1.0............ .................... ....

10.8 10'7 10.6 lO-1
Normalized Emittance [m-rad] ...................................... ..................

Figure 1: The power gain length for various emittances. -10 ......... ..... ................... .......... ..................
Note that the emittance is a log scale. .:

Energy Spread 10 .

The energy spread is characterized in two ways:
the correlated and the uncorrelated energy spread. FEL 100
performance (gain length) is affected by the uncorrelated 0 10 20 30 40 50 60 70 80
energy spread which is primarily determined by the ZIm]
electron source. The theoretical limit is that oE<P. The Figure 3: Power gain along the undulator for various
transport line and bunch compressors must preserve the peak beam currents.
minimum uncorrelated energy spread. The correlated
energy spread is determined by the bunch compressor Focusing
system and wakefields in the linac [8). The correlated The SLAC X-ray FEL design calls for an
energy spread affects the radiation bandwidth but not undulator approximately 60 meters in length. The
the gain length. Users and experiments have varying natural beta function of the undulator is 56 meters (and
requirements on the output radiation line width. Some this Is only in one plane) which gives a very large gain
of these requirements can best be met by using optical length. Additional focusing Is required. Simulations
methods such as monochromators near the experiment, show that there is substantial improvement for a beta
Effects of the uncorrelated energy spread have been function. P. -10 meters and optimum performance for
investigated in the range where aE<p. P-5 meters [9]. Ibis Is in agreement with the theoretical

As Figure 2 shows, the saturation levels are met [t1. thin agreeme with t tical
nearly equal for a wide range of energy spreads. limit that I3>Lg. External quadrupole FODO lattice can
However, the gain length is adversely affected by an provide beta functions of -10 meters with conventional
energy spread much larger than specified by the base magnets. Performance for various drift and focusing
parameters. lengths have been done. A period of 60 cm drifts and 60

10_ _ _ _cm quads seems close to optimal in terms of gain length
and number of quads required. Numerous ideas have

........ .. .been reviewed in the course of this study. Extensive
simulations have been performed on the various

" .- concepts [8]. Alternative schemes which might offer"S .................. much higher field gradients (-50-100 T/im) are being
....... investigated [101. Such gradients would allow for beta

functions of -5 meters, closer to the optimal.

I ..... ........... L" .. .Undulator Tolerances
..0 .... I ..... ........... .......... ........ }.. ........... ........... ......... P o a ai n o n e e t o e m t r u h a l n

Propagation of an electron beam through a long
O il undulator has already been proven [111. The beam

10b 20 30 4t S0 60 70 0 alignment required is proportional to the beam radius.
Z[mj As beam energy goes up, radius decreases. At -7 GeV

Figure 2: The power gain curves are shown as a and 4 nm the beam radius is -50gm and the required
function of the distance along the undulator for various mechanical tolerances are -25gm, similar to those for
uncorrelated energy spreads. the next linear colllder [121. The undulator must also

satisfy tight magnetic tolerances.
Beam Peak Current

Fluctuations In the electron beam peak current
depend strongly on the pulse length and charge
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Field Errors Conclusions
Simulations have been performed using random

walk models of undulator rms field errors. Errors in The numerous simulations performed for the
excess of 0.4% seriously degrade the output power (see proposed SLAC based X-ray FEL have shown that the
Figure 4). The specified 0.2% tolerance is considered parameters chosen are stable to fluctuations in beam
presently achievable. In fact, undulators meeting this parameters and achievable with present state of the art
requirement have already been constructed [13]. The accelerator, mechanical and magnetic technology.
question still remains whether rms errors are a figure of Further theoretical work needs to be performed to
merit for free electron lasers. It is possible to construct extend the I -D theory of the start up and saturation
undulators with large field errors and still achieve good regimes (see Ref. [51 for a review). Simulations of these
lasing [141. A more detailed study of field errors needs to regimes will require codes which include pulse length
be performed. (time) effects.
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Coherent Light Source (LCLS)*
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Abstract absorptivities [4] and penetration depths typical of solid state
materials in the soft x-ray range. Since this level of energy

The LCLS is a novel high-brightness x-ray source loading can be shown to lead to the enhanced probability of
designed to operate in the 300-400 eV range. In contrast to lattice damage [5], an important stratagem for reducing it
conventional synchrotron radiation sources, its output pulses involves decreasing the angle of incidence, Oi, on the optical
will be characterized by unprecedented levels of brevity and surface in question. As shown in Fig. 1, this leads to the
peak power. In this paper we present recently-developed beam notion of employing multiple reflections at grazing incidence
line layouts and design features intended to optimize the to deflect the LCLS beam into a desired angle 0 T. For
delivery of the LCLS photons to various experimental" t8m-ikm
stations. Rm 8M kM

I. INTRODUCTION
m 0

The LCLS, a Free-Electron Laser (FEL) operating in the
Self-Amplified Spontaneous Emission (SASE) regime [1], is Oi _0
an intense novel x-ray source whose high-brightness, sub- Oi

picosecond pulses are expected to provide new research
opportunities in a number of diverse areas of x-ray science

and technology [2]. A brief list of selected output parameters -7
is tabulated below. 5-93 11 738AI

Table 1
Nominal LCLS Output Parameters Figure 1. Parameters for multiple grazing-incidence reflection.

1st Harmonic Wavelength (W) 40AD-30Ak reflectors all with equal surface reflectivities R, indices of
Peak Power (Peak ) 10 GW refraction n=l-S+ik, atomic densities [#/cm- 3 ], and
Beam Diam. (Dw) at Optics Locations lmm-2mm approximate (vertical) penetration depths Sp (6p =- /4rn Vk), a
Full Pulse Duration ( - ) 0.5ps useful figure of merit, 77A [eV/atom], can be defined [5] from

which practical design parameters can be established:
Full Pulse Length 150/1
Pulse Repetition Rate 120HzP[0ir 1
Energy per Pulse - 5mJ-lOmJ peak2 1 << 1(R
Peak Power Density (Norm. Incidence) 1016 W/m2  77A - q h « . (1)
Source Emittance (Diffraction Limited) < 20A-rad q w2 I # I

Evidently, a number of these parameters represent Selecting •7A<0.01, a criterion established by earlier
extensions of conventional x-ray source characteristics (e.g., experimental woik at SSRL [6], acceptable grazing-incidence
peak power and pulse length in 3rd Generation synchrotron angles for Au (or Pt) reflecting surfaces of •<34mr were
storage rings [3]) by several orders of magnitude. The arrived aL For future FEL sources with significantly greater
purpose of this paper is to describe design aspects of selected levels of peak output power (e.g., tapered-wiggler FELs), the
optical components and beam line systems that have been correspondingly smaller angles of incidence predicted by eq.
recently studied for delivering the LCLS output radiation to (1) could imply impractically long optical surfaces and
experimental users. alternative methods of beam deflection and processing may

need to be considered [7]. The second important peak power
II. PEAK POWER DAMAGE LIMITATIONS damage limitation of importance to the present study is

associated with the intense electrostatic stresses that will be
From Table I it is evident that a photon pulse at normal generated by photoemission from the LCLS optical surfaces.

incidence can deposit of the order of 1eV per atom for Preliminary assessments indicate that this will necessitate the
use of metal substrates for both mirrors and gratings,(to

* Supported by DOE Offices of Basic Energy Sciences and High minimize charge-neutralization intervals) and the elimination
Energy and Nuclear Physics and Department of Energy Contract DE-
AC03-76SF0015.
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of sharp-featured grooves or profiles on diffraction grating From FEL

surfaces (to reduce the generation of high edge- field stresses). 1 remsstrahlung
I Collimator

II. BEAM LINE LAYOUT

In Situ Carbon Differential Pumping

As reported elsewhere, the presently proposed location Cleaning UH " Mirror Station Chamber

for the LCLS undulator, electron beam dump, and beam lines Vacuum Pump Mirror Control

is at the end of the Final Focus Test Beam (FFTB) enclosure ChamberPosition ControlA
at SLAC [1]. A 1st phase layout of the beam lines and A

experimental station locations is shown in Fig. 2. The 40 line 40 120
Differential

LCLS Beam Unes (Phase 1) Experimental Pumping
"H'l ICLS Phase I

Ist Exit MBeam Line Layout

Bending Magnet 1 • 120

Collimator Beam Lines (do,-tdBOnl Vacuum/! olmtrFFTB Pumping

/Enclosure Wall U 4' upn

FFTEVFEL 2 Poionlinensity
FL LCLS Dumrop Line Muon Shield Posiihor/Attitude Monitor

FEL Mirror Station Diagnostics
Axis 66m 8

4-34 1- 7.5 m Expater t
ExcieriinentalX

Figure 2. LCLS initial-phase beam lines. UHV: *Ultra High Vacuum" uHV GraingH

* : onohromtorCompnens -Exit Sitl

line is planned as a flexible, fully-instrumented research and ,-, , Reocussing Mirror

development facility capable of supporting a variety of initial

or demonstration experiments. These will emphasize both
basic science and technological applications [2], including the Figure 3. Beam line component layout in block form.
further development of optical instrumentation. The basic
purpose of the 120 line will be to investigate beam-switching consequence, all of the LCLS sections containing optical
techniques and strategies that may be utilized in the future to surfaces will need to be maintained as Ultra High Vacuum
accomodate larger numbers of user end stations. This line will (UHV) environments. Highly effective differential pumping
be minimally instrumented, serving primarily to characterize sections will need to be used to help isolate UHV sections
the position and stability of the switched photons. from higher-pressure transport ducts. and provisions for

A more detailed layout indicating essential beam- periodic in situ cleaning of mirror (Fig. 4) and grating
transport, vacuum, mechanical stabilization, and optical
components is shown in Fig. 3. LCLS Beam Unes Mirror Station V Translation

- -- Axis

III. MECHANICAL AND OPTICAL DESIGN -- '----
FEATURES FEL Axis J _ J -- -

Irk,"Inmning' -\

In view of the long distances involved, small mechanical - Photons Miror Bank

perturbations of the mirrors will introduce appreciable Mirror I\ -. (each mt2 ,2imCham ber \•_• _ • x4 cm x8cm) /

deflections at the experimental locations. Active suppression C -. o "-.oc-" .
of such deviations can be accomplished by detection followed >.'l . - . . - .,:, I
by feedback and correction of the mirror chamber coordinates. -

Stabilization with respect to both low and high frequency - III %- .,' I
motion (into the kHz regime) will be provided. In-Situ J '

A major problem experienced by mirror surfaces in Cleaning Access 0
synchrotron radiation (SR) installations with vacuums in the " - ..- . "

<10-9 Toff range is the gradual accumulation of carbon [8]. , u unRefected PhotonsVacuum Pumping ' ,( -
This problem will be compounded in the LCLS due to the fact 1-- Ac1?ess

that its operating energy lies near the carbon K-edge, A s

and even marginal increases in absorptivity (as represented Figure 4. LCLS mirror station tank.
by the I-R factor ineq. (1)), could lead to serious damage. In
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surfaces will need to be provided. Due to existing lack of be mitigated by attempting to lengthen the photon pulses prior
experience with the effects of bremstrahlung on the carbon to diffraction, either by lengthening the electron bunch in the
contamination of surfaces, the installation of a special linac, or by optical means.
collimating aperture upstream of the mirror chamber has been
proposed. IV. ACKNOWLEDGMENTS

The mirror station, shown in Fig. 4, features multiple
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small enough to prevent all but negligible levels of absorption. on the Extreme Temporal Compression and Correlated
These constraints have led to the consideration of a Energy Spread of the Electron Bunches in the SLAC Linac
sinusoidally-profiled diffraction grating operating in a conical Coherent Light Source (LCLS)," this conference - Mb28,
dispersion geometry [9] as perhaps the best candidate 1993.
solution. [8] T. Koide, M. Yanagihara, Y. Aiura, S. Sato, T. Shidara, A.

Apart from conventional design issues, further Fujimori, H. Fukutani, M. Niwano, H. Kato,
development work on the monochromator is anticipated due to "Resuscitation of carbon-contaminated mirrors and
fundamental performance limits stemming from the brevity of gratings by oxygen-discharge cleaning. 1: Efficiency
the LCLS pulses. In the limit where the photon pulse length recovery in the 4-40-eV range," Applied Optics 26(18),
begins approaching the coherence length of the 3883(1987).
monochromatized light, the resolving power of the [91 M. C. Hettrick and S. Bowyer, "Variable line-space
monochromator becomes attenuated by the effective gratings: new designs for use in grazing incidence
acceptance of its dispersion aperture [5,71. This problem can spectrometers," Applied Optics 22, 3921(1983)
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Photon Pulse Filtering and Modulation Based on the Extreme Temporal Compression
and Correlated Energy Spread of the Electron Bunches in the SLAC Linac Coherent

Light Source (LCLS)*

R. Tatchyn
Stanford Linear Accelerator Center, Stanford, CA 94305, USA

Abstract smaller than those listed in the table.
An important property of the electron bunch

The LCLS photon pulses are expected to attain accelerated through the linac is the development of an
unprecedented levels of brightness and brevity in the 300- energy gradient (or "correlated energy spread") in the
400eV range. Nominally, the photon pulse length will be forward direction due to electrons in the front of the bunch
dominated by the electron bunch length, while the loading the accelerating fields addressed by the trailing
performance of conventional x-ray reflecting and band- particles [4]. This energy spread is superimposed on the
shaping optics will be limited by : 1) peak power damage, and "uncorrelated" energy spread of the bunch characterized by
2) transform-limited monochromatization. In this paper we its (stochastic) emittance parameters. For our purposes, we
describe how: 1) the correlated energy spread in the electron note that these energy spreads show up as, respectively,
bunch can be used to selectably compress the LCLS photon "inhomogeneous" and "homogeneous" line broadenings in the
pulses to below their nominal length; 2) gas optics can be FEL photon pulse. Due to the y (or E2 ) dependence of the
used to mitigate peak damage problems; 3) the LCLS pulse FEL's output photon energy, these broadenings can be shown
structure can, in principle, accommodate schemes based on to appear with roughly twice the relative size in the photon
"disposable" optics; and 4) pulse lengthening schemes can be spectrum as in the electron bunch energy.
used to extend the attainable degree of monochromatization. In a recent workshop [5] on selected scientific

applications of the LCLS, attention was focussed on the
I. INTRODUCTION unprecedented spectral and temporal parameter ranges of the

LCLS for opening up new experimental possibilities. In this
A list of parameter values characterizing the coherent paper we review selected approaches for utilizing the cited

output photon pulses of the LCLS operated at E=7GeV is and tabulated properties of the LCLS in conjunction with
given in Table 1 [1,2]. Based on current 3-dimensional specialized techniques and instrumentation [61 to further
models and analyses of the Self Amplified Spontaneous extend the output parameter ranges and potential uses of this
Emission (SASE) process [3] in a Free-Electron Laser , the novel x-ray source.
photon bunch length is associated with the physical length II. LCLS PULSE COMPRESSION TECHNIQUES

Table 1
LCLS Photon Output Parameters Perhaps the most direct and effective approach to

photon pulse compression would be to reduce the length of
1st Harmonic Wavelength 0.) 40A-30A the linac electron bunches even further. As described
Peak Power (Poeak) 10 GW elsewhere [7], electron bunch compression in the SLAC linac
Beam Diam. (Dw) at Optics Locations lmm-2mm is already necessary for attaining the pulse lengths given in
Full Pulse Duration (Vi-i•) 0.5ps Table 1. Preliminary technical assessments of further
Full Pulse Duratin (5 0 y applications of this technique indicate that another factor of
Full Pulse Length 15011 10 (viz., down to 50 fs) could perhaps be feasible [8]. This
Pulse Repetition Rate 120Hz method, while non-trivial to implement, would evidently
Energy per Pulse - 5mJ be the most attractive, since increasing the particle density

Peak Power Density (Norm. Incidence) -- 1016 W/m 2  will tend to amplify the FEL gain, leading to increased
numbers of in-band photons. A less efficient, alternative

of an ultrashort electron bunch containing 0.5x1010 -10 1 1  method, based on utilizing the inhomogeneous energy
electrons (1-2nC). Due to the sensitivity of the FEL gain gradient of the photon beam in the forward direction, could
process to the local particle density in the bunch, however, it also be used to extract x-ray pulses from the LCLS with
should be noted that further refinements in SASE models (or durations down to 50 fs and beyond. The procedure for
actual experimental measurements) may demonstrate a accomplishing this, based on normal-incidence dispersion
narrowing of the photon pulses to values significantly by a transmission grating with a chirped period a, is

schematized at the top of Fig. 1. If we assume that the
* Supported by DOE Offices of Basic Energy Sciences and High inhomogeneous energy spread in the photon pulse can be
Energy and Nuclear Physics and Department of Energy Contract DE- resolved into two levels, each associated with a distinct
AC03-76SF0015. longitudinal region, it is apparent that the photons from the
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lower-energy region will be dispersed into a larger angle than the probability of fragmentation must start becoming
the ones from the forward region. As the dispersed photons appreciable under the cited conditions. We can consequently
"scan" away from the z axis, a suitably-sized aperture will expect enhanced probability of damage in solid state materials
segregate out a temporally -resolved subinterval of the initial by the LCLS photons from two primary effects: 1) lattice
pulse. Since the photons are extracted in a volume which is disruption/ablation, and 2) photoemissively-generated field
significantly truncated in both the x and z directions, and stresses.
since the indicated diffraction will incur a 90%-95% loss into An intuitively evident way to mitigate peak intensity
1st order, it is evident that significant loss factors will be damage is to dilute the energy deposited per unit area (and
associated with the implementation of this technique. In Table thereby per atom) by the artifice of grazing incidence. As

described in a related paper [2], this approach has been used
"O- L- to generate a practical design for a mirror station for the

hE LLCLS. Nevertheless, future x-ray FEL configurations can
.W...___.A. I i (EFEL+ 1st order be posited (e.g., the tapered wiggler) whose peak outputs
S. -. - - -. - - - z may be too high to be adequately handled by solid-state
Sj f c -specular reflection even at extreme grazing incidence. To this

end, we consider two alternative options: 1) gas optics,
(E )A// Chirped grating "A.. and 2) disposable normal-incidence optics.

FEL- (average period a) "' _ Two possible schemes utilizing gas optics are shown
( 2/[EFEL+A- Poopus. , in Fig. 2. The first, a single-jet "gas prism" deflects the( E F E L + L P h o t o n p u l s e tG 

s O i cGas Optics
5,-3 (EFEL--A) 1 orderrawa 2 Laval

Nozzle
Figure 1. Temporal pulse compression based on chirped No-a

photon energy in the source pulse.

2 we show some of the attainable pulse lengths (r'), correlated Side 'l

and inhomogeneous energy spreads AEinh and AEcorr, View ] L I ] L l

grating line densities (1/m), exposed lines N, and expected loss
factors associated with compressing an 0.5ps LCLS pulse. 0 0 0 0 0 0

Table 2 Gas Jet Multiple Jets
Dw=0.00Om; L = 2m; AEFEI/EFEL=0.001 (gas grating)

T h[m] N VIm M'inh AEcorr 'r'[fs] loss
factor Bottom ( • ._

ps. x10"5  x105  AEFEL ELINAC xl01 x10"3  View

0.5 25 16 T.4- 0.001 25 125 5-M

0.5 10 25 2.5 5 0.0025 10 20 Single Jet (prism)

0. 5 5 1T0 1 0.005 5 5 Figure 2. Gas jet configurations for x-ray deflection.

20.5 .5 W 7 - 0.01 LCLS output beam by inducing a phase gradient in its

75- T.25 20 160 40 02 =5i n.31 wavefront, similarly to an ordinary optical prism. The major
difference lies in the rather large differential attenuation
accompanying the phase gradient, which can incur an

III. PEAK INTENSITY AND MATERIALS appreciable intensity-loss penalty per degree of deflection.
DAMAGE ISSUES The second configuration is a multi-jet "gas grating" with

period a, enabling a minimum deflection angle of A/a to be
At normal incidence, it is easy to estimate from typical attained. Here, however, the relative efficiency of the

attenuation coefficients in the soft x-ray range [9] and diffracted orders will be determined by the density contrast
Table 1 that I eV or more of energy can be deposited per attained in the gas and the absolute efficiency by the average
atom in 0.5 ps. Keeping in mind that typical atomic or gas thickness, and it will be a difficult task to generate thin
molecular lattice binding energies are of the order of 1 eV gas sheets with significant density or particle-number
and considering the relative time constants and efficiencies of contrasts for grating periods extending down to 10 p and
primary energy-removal channels, it can be argued [6] that beyond. In either configuration, numerical studies indicate
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relatively lossy and weak steering using low-Z neutral gases, resolving power RM, operating at normal incidence
including H2. Although fully or partially ionized plasmas dispersion, the actual pulse-length-limited resolving power R
could offer more advantageous optical constants for can be expressed as
effective beam steering, the preparation of sufficiently 2 -0.5
small and dense jets would in general be expected to be 1 (/' 2 1
more difficult than with non-ionized gases. R - + (a)

Given these observations, we note that the relatively RM
sparse pulse structure (120 Hz) of the LCLS can easily
allow mechanical motion of optical surfaces and shutters over where A' -,A + (Dwa/2L), Dw is the beam diameter, a is
distances significantly greater than the beam waist to occur the grating period, and L is the dispersion length. Since
between pulses. This makes feasible the notion of using variation of tht monochromatort parameters can at best be
"disposable" optics at normal or near-normal incidence to used to reduce X' to ), it is evident that the most effective
deflect or otherwise process the LCLS beam. For example, way to maintain R -- RM is to lengthen the LCLS pulse. One
with a beam spot size of 1 mm, we can estimate that if the 1 way to accomplish this is to utilize the diffraction process
mm area of impact is totally obliterated by one pulse, we itself, which lengthens the pulse diffracted into any order. By
would require a renewal rate of the optical surface of about 1 selecting a small fraction of the dilated pulse with suitable
m2 /hour. For ultra-thin optics (e.g., zone plates or spatial and angular filtering, one can obtain an attenuated and
transmission gratings), suitably-placed rotating shutters dilated pulse suitable for further monochromatization. An
could be used to effectively trap and collect the debris, and alternative approach, which would also reduce the number of
recovery and re-fabrication schemes could perhaps be in-band photons (by reducing gain), would be to
developed to sustain economic feasibility, underutilize the compression stages in the linac to produce

longer electron bunch lengths with smaller peak currents.
IV. PULSE-LENGTH LIMITATIONS ON

COHERENCE V. REFERENCES

Under the condition that the correlated and uncorrelated [1] H. Winick, K. Bane, R. Boyce, K. Halbach, K.-J. Kim, G.
energy spreads in the electron bunch are equal, the FEL Loew, P. Morton, H.-D. Nuhn, J. Paterson, C. Pellegrini,
radiation spectrum will be broadened to more than twice its P. Pianetta, D. Prosnitz, J. Rosenzweig, J. Seeman, T.
natural relative width. For larger correlated energy spreads Raubenheimer, T. Scharlemann, R. Tatchyn, G. Travish,
the inhomogeneous broadening will be correspondingly V. Vylet, M. Xie, "A 2-4 nm Linac Coherent Light
greater. The present lack of detailed knowledge of the Source (LCLS) Using the SLAC Linac," this conference -
actual spread in the width of the LCLS pulses underscores the F7, 1993.
desirability of being able to monochromatize the emitted FEL [2] R. Tatchyn and P. Pianetta, "X-Ray Beam Lines and Beam
photon pulses, and a number of important scientific Line Components for the SLAC Linac Coherent Light
applications such as, e.g., high-precision absorption or Source (LCLS)," this conference - Mb29, 1993.
photoemission spectroscopy, will demand it. [3] K. Kim, M. Xie, E. Scharlemnann, C. Pellegrini, G.

Referring to Fig. 3, we note that conventional soft x-ray Travish, "Performance Characteristics, Optimization, and
Error Tolerances of a 4-nm FEL Based on the SLAC

FEL pulse mLinac," this conference - Mb26, 1993.
(4] R. B. Palmer, "Prospects for High Energy e+e- Linear

Colliders," Annu. Rev. Nucl. Part. Sci. 1990.40:529-92.
TFEL• _[5] W. Spicer, J. Arthur, H. Winick, eds., Proceedings of

the Workshop on Scientific Applications of Short
N Wavelength Coherent Light Sources, Stanford, CA,

October 21, 1992, SLAC-Report-414, February 1993.
[6] R. Tatchyn, "LCLS Optics: Selected Technological Issues

and Scientific Opprtunities," ibid., pp. 93-119.
OCt [7] J. Seeman, K. Bane, T. Raubenheimer, "Electron Transport

of a Linac Coherent Light Source (LCLS) Using the SLAC
Figure 3. Total vs. coherence length of LCLS pulse. Linac," this conference - Jbl9, 1993.

[8] T. Raubenheimer and K. Bane, private communication.
monochromators usually process temporal pulses whose [9] B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shimabukuro,
physical length (rc) is considerably longer than the and B. K Fujikawa, "The Atomic Scattering Factor, fl +
coherence length (N A) of the wave trains corresponding to if2, for 94 Elements and for the 100 to 2000 eV Photon
their resolving power. For the LCLS, however, the pulse Energy Region," AlP Conference Proceedings No. 75,
length could approach or even become smaller than this 340(1982).
coherence length. For a monochromator with maximum
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Infrared (IR) vs. X-Ray Power Generation in the SLAC Linac
Coherent Light Source (LCLS)*

R. Tatchyn
Stanford Linear Accelerator Center, Stanford, CA 94305, USA

Abstract e- Frame Lab Frame
y ,y

The LCLS, a Free-Electron Laser (FEL) designed for
operation at a first harmonic energy of 300 eV (A - 40A) in
the Self-Amplified Spontaneous Emission (SASE) regime, f
will utilize electron bunches compressed down to durations of O'
<0.5ps, or lengths of <150 y. It is natural to inquire whether _, 4 1
coherent radiation of this (and longer) wavelength will 4 z'

constitute a significant component of the total coherent output
of the FEL. In this paper a determination of a simple upper
bound on the IR that can be generated by the compressed
bunches is outlined. Under the assumed operating parameters
of the LCLS undulator, it is shown that the IR component of < V > . C -

the coherent output should be strongly dominated by the x-ray
component. Figure 1. Monochromatic emission observed in electron and

I. INTRODUCTION lab frames.

We are interested in estimating upper bounds on the In Table 1, we list the physical parameters of the LCLS

coherent IR emission generated by the LCLS bunches as they required for our analysis. Table 1
pass through the LCLS undulator [1]. In preface, attempting to Basic LCLS parameters for 40A operation.
associate copious quantities of coherent radiation at
wavelengths equal to or exceeding the bunch length might (2z) 0 .5 0 B (bunch length)
appear, prima facie, warranted. After all, there is a naive NC(tOtal number of particles in bunch)
tendency to infer that if the emitted wavelength is longer than nurn

the entire bunch, the emission should be enhanced in B(undulator field amplitude) 0.81

proportion to the square of the number of particles in the Au (undulator period) 8cm

bunch. In fact, as will be shown, for short-to-medium period K(=0.934BAu) 6

insertion devices this inference can be justified only for Lu(undulator length) 60m

suitably low values of the particle bunch energy; at Nu(number of undulator periods) 750

ultrarelativistic energies relativistic effects serve to suppress E(electron energy) 7GeV

the necessary coherent superposition to relatively small or NSp(total number of spontaneously emitted
evenphotons in 40A equivalents per pulse) 3x1 3

In addressing this problem we will employ: 1) the result NCOH(number of coherent x-ray photons per pulse) 1014
that the total number of photons emitted by a physical system 11. ANALYSIS
is a relativistic invariant, and 2) the relativistic Doppler shift
relations, expressed in reference to Fig. 1 as Our basic approach to the problem will be to analyze the

emission in question in the average rest frame (e-frame) of the
f = f y (1 + / * cos6') (1) electron bunch [2]. For low-to-moderate values of K, the

and dominant radiation component in the e-frame is a dipole
cos&' +/ * pattern, as depicted in Fig. 2. We note that at the tabulated

cos - cos (2) value of K the periodic electron motion in the e-frame will be
1 + orelativistic. As a consequence, in addition to higher discrete

2 2 multipole components stemming from K& there will also be a
where fi"c ((#i*,1-({1+K /2}/2y2), with K the set of continuous spectral components arising from
undulator deflection parameter) represents the average synchrotron radiation (SR) emitted by the circulatory motion
speed of the electron bunch in the forward direction. of the electron in the e-frame [3]. However, the lowest

0 Supported by DOE Offices of Basic Energy Sciences and High spectral component will be the fundamental determined by the

Energy and Nuclear Physics and Department of Energy Contract DE- period of the undulator as observed in the e-frame, and it is
AC03-76SF0015. this component that will dominate contributions to the IR
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emissions in the lab frame.
e-- Frame Lab Frame

Dipole Radiation Pattern (K<<l) xF x

vs
Isotropic Intensity Distribution

b z', z

""

5/93 ...... 7382A3

b Figure 4. Transformation of the backward fundamental
a emission angle (;r - n) in the e-frame into the IR emission

a angle (r - en) in the lab frame. Radiation cones are defined

z' by the dotted contours

values in Table 1, we find ;r - 61 n =2.34mr and, using eq. (2),

On =0.264r. As anticipated, the radiation that appears as IR of
the desired frequency in the lab frame originates from a very
small solid angle in the e-frame.

e- Frame We next define the total number of spontaneously emitted
photons per electron per each period of the undulator in the
lab frame by the quantity (NSp/NuNC). Clearly, this number

-3m will be the same for each electron in the e-frame. Referring to
Fig. 3 and assuming, for simplicity, a uniform density vs. z',

Figure 2. Dipole radiation pattern in the electron frame. the total number of spontaneously emitted photons by the
electron group traversed by one undulator period can be
approximated by

In the electron frame the undulator appears contracted by fl - (Nc/f2)(NSp/NuNC), (4)
the factor E/mec 2 (- y ), while the bunch is dilated by the with
same factor (see Fig. 3). The frequency of the fundamental in f2= (2;r)0.5 oBy 2 / •- (5)

Undulator e- Rest Frame Next, the same group of electrons will emit the same number
(compressed) Lu of photons Nu times, for a total number of Nufl photons.

Lu Bunch Clearly, there are f2 such groups in the entire bunch, and we

Y4 Xu/y (dilated) consequently have Nuflf2=NSp, as expected.
Next, we define the fraction f3 of these photons that are

converted into the desired IR photons in the lab frame by
referring to Figs. 2 and 4. Taking into account the geometry

[ _.__A .. I of the dipole pattern, we obtain

53 7382AM f3= (r - 6'n )2 /2. (5)

We can now consider the effects of the FEL bunching process
Figure 3. Relativistic scaling in the electron frar... in enhancing the number of radiated photons in the e-frame. In

Fig. 5 we depict the relative bunching (or phase coherence) of
the e-frame is consequently given by f =c y / Au. Assuming the electrons within each period of the undulator. Although it
an approximately isotropic distribution in this frame, we use is evident that any group of electrons of the order of size of an
the Doppler relation (1) to identify the angle 6' at which f' undulator period doesn't attain full bunching until almost the
gets converted into the desired IR component in the lab frame. entire undulator has passed over it, for our purpose of
Specifically, we have estimating upper bounds, we will assume that each such group

c (is actually fully bunched, but that the radiation from the Nu
=+ l *cosOl). (3) individual groups is uncorrelated. This leads to the

" A- enhancement of the number of photons emitted by each group
This transformation is depicted in Fig. 4. Using the parameter
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by the factor Nc/f2, i.e., the number of photons becomes the relevant parameters.
proportional to the square of the number of electrons in each Table 2
group. Denoting the number of IR photons in the lab frame by Undulator periods required for resonant IR emission @ K=6.

Relative Bunching 40Me 7GeV
In e- Frame

1 I (2a)0.5 aB =12/u (2a))0.5 0B =150 0M

y =640 y =1.9x10 8

0ý A /B AU 2!8mm AU Z 1185M

0 - 1 III1 = Z' This comparison dramatically illustrates the extent to which

3... N ultrarelativistic energies tend to suppress IR emission. At
7GeV, the LCLS undulator field structure, with its 8cm
period, would need to contain significantly strong Fourier

82.A7 Undulator components of >1km period to resonantly induce IR emission
from the 150 p bunch (see Fig. 6). With reasonably careful

Figure 5. FEL bunching along undulator in electron frame, design and alignment, such aberrations (represented in the
figure by an impulsive offset associated with a non-zero 1st

NIR, the resulting upper bound may be expressed as field integral) should not be overly difficult to suppress.
N N f I NSp - N(r- O'n ) 2, Au NSp .6NR } 2 Nc3 }26 LCLS By Field vsZ B

NCOH f2 NCoj 2I2xay oC 2  oJ
Inserting the previously derived numbers for O'n and the 6 (f By dz # 0)
values from Table 1 yields (NIR/NCOH)< 0.022.

III. DISCUSSION V V V V V V
-30 m -- -- 30 m

We have derived an upper bound on IR emission from the 0.04 m
LCL• •or lab frame wavelengths equal to or greater than
(2.r) "a (-150,u). This can be considered a weak upper
bound, viale in the present case due to t e strong suppression Field Transform By
(by the relativistic f3 (or (m -'n) / 2) factor) of the Critical Region
greatly overestimated coherent emission in the e-frame .While
it is noteworthy that this upper limit is inversely proportional
to aB, which indicates that IR emissions from the LCLS
should remain perturbative on the coherent x-ray emission -1/.u 1/.u s
even for bunches down to 30y• long, we point out that for 1/1 000
significantly smaller energies and/or bunches more than 10 Figure 6. Fourier decomposition of undulator field along z.
times shorter our upper bound estimate should start being
replaced with more comprehensive analytical calculations of VI. REFERENCES
the spontaneous and coherent radiation distributions.

It is of interest to inquire whether significant IR emission [1] H. Winick, K. Bane, R. Boyce, K. Halbach, K.-J. Kim, G.
of the wavelength in question could in fact be induced by the Loew, P. Morton, H.-D. Nuhn, J. Paterson, C. Pellegrini,
LCLS, and under what conditions. The general criterion is P. Pianetta, D. Prosnitz, J. Rosenzweig, J. Seeman, T.
straightforward, namely that the standard resonance condition, Raubenheimer, T. Scharlemann, R. Tatchyn, G. Travish,
viz., A2 -'' 2 ) A a(20.5a" V. Vylet, M. Xie, "A 2-4 nm Linac Coherent Light

-u aKB = Source (LCLS) Using the SLAC Linac," this conference -
2y 0.5 2 F7, 1993.

2(2m)0y aB ( [2] R. Tatchyn and I. Lindau, "Off-axis radial properties
A 1u 2 (7) of undulator light," SPIE Proceedings 733, 115(1987).

1 + (K2 / 2) [31 J. D. Jackson, Classical Electrodynamics, John Wiley &
be fulfilled. We can examine this criterion quantitatively by Sons, New York, 1975, Chapter 14.
contrasting eu at the LCLS beam energy of 7GeV with bunch [4] H. Wiedemann, P. Kung, and H. C. Lin, "Ultra Short
and energy parameters appropriate to a 40MeV short-bunch Electron and Photon Pulses," SSRL ACD-Note No. 116,
generation experiment planned at SSRL [4]. Table 2 shows November 11, 1991.
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Saturation of a High Gain FEL*

R.L. Glucksternt S. Krinsky, and H. Okamoto§

Abstract dpj = _AeIJ - A*e-iO, (2)

We study the saturated state of an untapered free elec- dA
tron laser in the Compton regime, arising after exponential r 'r+(
amplification of an initial low level of radiation by an ini- where aj and pj are the phase of the j'h electron relative
tially monoenergetic, unbunched electron beam. The satu- to the radiation and its (scaled) momentum deviation, A is
rated state of the FEL is described by oscillations about an the (scaled) radiation amplitude at the (scaled) longitudi-
equililbrium state. Using the two invariants of the motion, nal position r = 2pkwz, where 2•r/kw is the wiggler period
and certain assumptions motivated by computer simula- and p is the Pierce parameter, 6 is the detuning of the
tions, we provide approximate analytic descriptions of the laser, and () is an average over the electron distribution.
radiation field and electron distribution in the saturation It is easy to show from Eqs. (1)-(3) that
regime. We first consider a one-dimensional approxima-
tion, and later extend our approach to treat an electron (pj) + JAI 2 = C1  (4)
beam of finite radial extent. Of note is a result on the and
radiated power in the case of an electron beam with small (p2)
radius. 2 + 21rn[A(ei'j) - 6bAI2 = G2  (5)

are constants of the motion. For an initially monoener-
I. INTRODUCTION getic unbunched electron beam and a low initial level of

radiation, the constants C1 , C 2 are taken to be zero.
In this paper we study the saturated state of an unta-
pered FEL in the Compton regime. Guided by the results 1. EQUILIBRIUM DISTRIBUTION
of simulations starting with a monoenergetic unbunched
electron beam and a low initial level of radiation, we make In Fig. 1 we show a typical evolution of the radiation
assumptions which prove to give an accurate picture of with r. The field builds up exponentially as the electrons
what happens in the satural ion regimi,. [lie solitions i11 bunch. After the bunched electrons are captured in buck-
the saturation regime are related to the initial conditions ets, the radiation oscillates with modest amplitude about
by using the two invariants of the motion. Finally we ex- an equilibrium distribution. The approximations in our
tend our one-dimensional model to treat an electron beam model are to consider only up to linear terms in the ampli-
of finite radial extent, including the effects of the diffrac- tude of these oscillations, and to consider only the lowest
tion of the radiation and the radiation focussing properties harmonic frequency of these oscillations.
of the electron beam bunched by the FEI. interaction. This In Fig. 2 we show the phase of the radiation, which
work will be presented in greater detail[l]. appears to be very nearly linear with r. We therefore write

The starting point of the analysis is the scaled equa-
tions for the evolution of the one dimensional electron dis- A = (P + iQ)ev•(T°o) (6)
tribution and for the monochromatic radiation field. The
notation is that of Bonifacio et. al.[2] and the equations On iro
are d (r)= j+ v(r - ro) + 7r/2, (7)

d7 T P (1) requiring v to be chosen such that (0ý) = 0, where the

"Work supported by the Department of Energy prime stands for d/dr. For zero detuning 6 = 0, we find
IUniversity of Maryland, College Park, MD 20742 in the saturation regime that all quantities oscillate about
1Brookhaven National Laboratory, Upton, NY 11973 an equilibrium state for which
I University of Maryland, College Park, MD 20742; on leave from:

Institute for Chentical Researdc. Kyoto University, Japan P = P0 , Q = 00, = P0, (8)
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Figure 1: Evolution of radiation field amplitude JAI with Figure 3: The three distributions, KV, (Ho - H) 1/2 and
r. Boltzmann plotted as functions of H defined in Eq. (10).
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s:•ted Dsin.e T Figure 4: Electron distributions obtained from simulationfor r = 20, 40 plotted as functions of H.

Figure 2: Phase of the radiation field as a function of r.
III. EXPONENTIAL GROWTH REGIME

(cos 0j) = P0, (sin 0j) = 0, (0i2) = 3P4. (9) If we take two derivatives of Eq. (3) and consider only

Equilibrium distributions satisfying the conditions in those terms linear in pj and A, we find, for b = 0
Eqs. (8) and (9) can be constructed as f(o,0') = F(1t), d3AAwhere 

- = iA.14
H = 0,2 /2 - 2Po cos 0. (10) dr3

The exponential growth regime then corresponds to the
We have considered three widely different distributions solution

fKv = NKv6(H - Ho) (KV)[3] (11) A(r) = Ao exp[(V3'+ i)r/2]. (15)
When IA(r)I is of order 1, non-linear terms in A,pj must

f-1/2 = N-_, 2 (H - Hfo)-• 1 2  (12) be included, and some sort of saturation will take place.

fB = NB exp(-aoH) (Boltzmann) (13) IV. SATURATION REGIME
and find in all cases that Po = 0.81, in good agreement
with Fig. 1. In Fig. 3 we show the three different distri- The saturated state of the FEL is described by oscillations
butions plotted as a function of H. And in Fig. 4 we show about an equilibrium state[4, 5, 6]. This equilibrium state
the electron distributions obtained from the simulations corresponds to a steady state solution of Eqs. (1)-(3). The
for r = 20,40. The background from the electrons which proper choice of the equilibrium solution is significantly
are not trapped is seen to be more or less independent of restricted[4] by the two invariants o" Eqs. (4) and (5),
H, and the distributions of the trapped electrons seems to relating properties of the saturated state back to the initial
most resemble the Boltzmann distribution, conditions at the start-up of the FEL.
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We now consider oscillations about the equilibrium dis- where u(r) is the fixed electron beam density profile. We
tribution, defining the displaced electron phase as also take 6 = 0. The form of the two invarients is also

changed somewhat. The scaled transverse coordinate is
/3 3(r) =o'j(r)+ v(-r- "0)+ rr/2. (16) r -" 1 rd where k, is the resonant radiation wave

Using Eqs. (6) and (16), we now write, with 6 = 0, number and rd is the unscaled transverse coordinate vec-
tor.

/3•'(r) = -2Psin/#j - 2Q cos,3j (17) The equilibrium state is now governed by the solution

Q' + PP = (COS 13j) (18) of the differential equation

P' - vQ = (sin .13) (19) vP 0 - V 2Po(r) = u(r)(cosOj) , (sin j) = 0 (25)

together with the two invariants and the modified invariants lead to

(13j) + p2 + Q2 = V, (20) 2f rpo(r)

(/•) - 2v(3) +v = 4P(cos/3j) - 4Q(sin/32 ). (21) fo rdru(r)

We now consider oscillations about the equilibrium distri- foordru(r)( 2 -2PoCOS O)
bution of the form v2= ou ) - (26)fo" rdru(r)

P(r) = Po + PI cos Or , Q(r) = Ql sin Qlr (22) Explicit relations can now be obtained for these pa-

j (r)=Oj(r) + asin QT, (23) rameters with the specific phase space distributions

where the oscillation of the electrons is assumed to be co- f.(H),bb(H),fc(H), and for a given beam profile u(r).
As a result of this analysis, we obtain an equilibriumherent. Keeping only terms linear in P1 , Qi and a, we can giddsltoanosiainsbuthsslto.Ter

show[1] that Q1 = 13P' = 1.14, slightly smaller than the guided solution and oscillations about this solution. There
vawlue tha = 1.25 seen in 1. simulatighy i e F. te are two types of oscillation modes, one guided and one
value Q• = 1.25 seen in the simulation in Fig. 1. corrresponding to radiation propagating to r = oo. The

escape of the radition from the electron beam leads to a
V. TRANSITION FROM THE damping of the oscillations. Also, explicit results have been

EXPONENTIAL TO THE SATURATION obtained[I] in the limits of large and small electron-beam
REGIME radius. In particular, we find that, for small beam radius,

the radiated power is proportion to 3I12 where ll is the
A plot of dP/dr vs. P(r) from the simulation shows a current. This result is intermediate between the incoherent
straight line starting at (0,0), corresponding to the expo- (Io) and fully coherent (I10) limits.
nential regime, approximately tangent to a repeated ellip-
tical orbit centered at (0.8, 0), corresponding to the oscil- References
lation in the saturation regime. Postulating this model
of approximate tangency for the transition from the ex- [1] R.L. Gluckstern, S. Krinsky and H. Okamoto, to be
ponential to the saturation regime leads to the prediction published in Phys. Rev. E, June 1993.
of P1 s 0.49, Q, • 0.28, somewhat larger than the values
P, = .40,Ql = .20 seen in the simulations. Considering [2] B. Lane and R.C. Davidson, Phys. Rev. A 27, 2008
the crude nature of the transition model, this agreement (1983).
is quite good.

[3] Kapchinsky and Vladimirskiy first introduced the 6-
function distribution in H for use in two-dimensional

VI. ELECTRON BEAM WITH FINITE transverse beam dynamics with space charge. See,
RADIAL EXTENT for example, I.M. Kapchinskiy, Theory of Resonance

Linear Accelerators (Harwood Academic, New York,
We now extend the single harmonic nmodel considered 1985), p. 247ff (translated from the Russian).
above to the two-dimensional case of an electron beam
with finite radial extent. We ignore betatron oscillations, [4] B. Lane and R.C. Davidson, Phys. Rev. A 27, 2008
assuming the electron beam has no angular spread, but (1983).
include the diffraction of the radiation and the radiation
focusing properties of the electron beam bunched by the [5] R.C. Davidson and J.S. Wurtele, Phys. Fluids 30,557
FEL interaction. (1987).

The equations for the electron motion are still those in [6] W.M. Sharp and S.S. Yu, Nucl. Instrum. Meth. A
Eqs. (I) and (2). But Eq. (3) for the evolution of the 272, 397 (1988); Phys. Fluids B 2, 581 (1990).
radiation is now changed to

A' - iV 2 .lA = n,)(-'') (24)
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Numerical Studies of Strong Focusing in Planar Undulators

G. Travish and J. Rosenzweig
Department of Physics,

University of California, Los Angeles, CA 90024

Abstract where ku is the undulator period. The fundamental
FEL parameter scales with the third power of peak

The present trend towards short beam current density, J 1 / 3 .
wavelength operation with long undulators places A general feature of free electron lasers is
tight requirements on the electron beam quality that if variations occur on a scales shorter than a
and hence the need to maintain a well focused gain length, performance is affected. For focusing,
beam. This paper examines the performance of this rule of thumb implies a limit on the beta
alternating gradient (AG) sextupole focusing in function, P3>Lg. A limit on the focusing strength as
planar undulators Ill. Numerical simulation a function of the emittance is given by
results of Free Electron Laser (FEL) performance 2Wn
using AG sextupole focusing are compared to P 2( 2/2) (3)
results using only natural focusing and to those ( l+a
using quadrupole focusing. where y is the beam Lorentz factor, En is the

normalized rms emittance and au is the usual
Introduction normalized (unitless) undulator parameter. This

limit is derived in the one dimensional limit
Free Electron Laser performance is affected assuming no energy spread. It is useful for setting

by the overlap (in six dimensional phase space) an approximate limit on how strong a given FEL's
between the electron beam and the optical beam. focusing channel can be. As is discussed in the
The extent of overlap (assuming perfect alignment) following sections. it is not merely the strength but
is dependent on electron beam size, emittance and also the type of focusing that affects FEL
energy spread and optical beam size and Rayleigh performance.
range. In general, the brighter the electron beam.
the better the FEL performance. The electron and Sextupole Focusing
optical beam overlap is maintained by the well
known optical guiding phenomenon. However, Free electron lasers provide weak natural
without focusing the electron beam diverges. When focusing; in both planes for helical devices, but
the electron beam density is reduced, FEL only in one plane for planar undulators.
performance is degraded. Hence, maintaining a Fortunately, this problem can be solved by using
focused electron beam over the distance of the FEL Scharlemann's curved pole faces 131. Constant
undulator is paramount to high FEL performance. gradient sextupole focusing (via curved pole faces
Obviously, for a given beam, the longer the or any other means), like natural focusing, has a
undulator the more significant focusing becomes. constant transverse velocity for each electron. For
Recent proposals for short wavelength devices have a distribution of electrons there is a corresponding
called for long undulators from 25 to over 60 distribution of velocities. Natural focusing does not
meters long. perturb the transverse phase space: however, it

It is possible to make some simple can not provide sufficient focusing for longer
quantitative statements about how electron beam devices.
focusing affects FEL performance. For a high gain A relation between the focusing betatron
(exponential regime) amplifier, the power output wavenumbers is required by the Maxwell
can be written as equations:

P(z)=Poez/Lg (1) k2 +k2 = e2  (4)
where Po is the input power, z is the distance =Yx -4)
along the device and Lg is the power gain (- where x and y are the two transverse directions,
folding) length. The gain length can be Bu is the undulator magnetic field, e is the electron
characterized by the fundamental FEL parameter, charge and Eb is the beam energy. For a planar
p, 12J undulator k~x=O or kpy=O: typically for a helical

Lg = U - (2) undulator or curved pole faces, kpx=kpy. Relation(4) sets a limit on the weak (constant gradient)

0-7803-1203-I/93S03.0 0 1993 IEEE
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focusing strength. A large kp2. and hence a strong studied here. The sextupole focusing is accounted
focus in one direction implies a negative kp2 . and for in the simulation by modifying the vector
hence a defocus in the other direction, potential of the undulator (au). Quadrupole
Consequently. strong focusing implies alternating focusing is simulated by adding a term to thegradients, particle equations of motion.

External quadrupoles have been proposed The example parameter set discussed here
and used [41 to produce AG focusing in an FEL. An is the SLA based X ray FEL 18.9]. The parameters
external FODO lattice can provide strong focusing are given in Table 1. It serves as a good test case
for undulators. Unfortunately, only iron free due to the long length of the undulator and low
undulators can be used with conventional beam emittance. Notice that applying equation (3)
schemes. Various novel schemes have been yields a beta function of 5 meter for peak FEL
devised in an attempt to overcome this limit: performance.
canted poles, Panofsky quads, edge fieldcantd ples Paofsy qads ede feldTable 1: SLAC X ray FEL paramneters used in the
permanent magnet arrays 151, etc.. Regardless, it Table 1 or FEL para
has long been stated that quadrupole focusing can
degrade FEL performance because it modulates the T Energy (mc7) 14000
transverse velocity of the electrons. En Emittance normalized 3 x 10-6

Recently the idea of alternating gradient (mm-mrad)
sextupole focusing in an FEL was studied. The Peak Current (A) 2500
original scheme called for alternating the curvature Pulse Length (fS) 160
of the undulator poles, thus producing a strong au Undulator parameter 6
focusing lattice. Other methods to achieve this type Au Undulator period (cm) 8.3
of lattice have also been considered: external Xr Optical wavelength (nm) 4
sextupoles, side mounted magnet arrays, etc.. The P FEL parameter 1.7 x 10-3
beam dynamics and hence the FEL action are the
same (in the limit of averaging over an undulator In order to reliably compare sextupole and
period) and so the exact form of the sextupole quadrupole focusing, identical lattces were
focusing is unimportant. Here the wavenumbers calculated (same period, beta function and phase
are allowed to be imaginary so that relation (4) advance per cell). Monoenergetic beams where
does not limit the focusing strength. This is used (no energy spread). in a focus/ defocus (FD)
analogous to quadrupole strong focusing and to lattice (no drifts). A study of the effect of the phase
the feed down effect in circular machines. advance per cell was first done. Typically, a phase

The transverse electron velocity is, in advance per cell of 90 degrees is used to minimize
general, different in a focusing section from that in the average beam envelope. However, this creates
a defocusing section. Of course a given electron large fluctuations in the beam size. As expected,
can be matched between the two sections, but a simulations confirm that when the phase advance
distribution of velocities precludes matching. is large and hence the beam is modulated a great

This leads to the central question: Is the deal, then the FEL action is degraded. To avoid
continuos periodic oscillation of the transverse this added effect, subsequent comparisons where
beam velocity caused by a quadrupole lattice better performed with a phase advance per cell of about
or worse than the discrete changes caused by ten degrees.
sextupoles? The answer is that quadrupoles are Figure 1 shows the results of a series of
better. Upon reflection this seems to be intuitively simulations. Three sets of data points are plotted:
correct. Abrupt disruptions of the beam phase quadrupole lattice. sextupole lattice and 3D semi-
space will tend to degrade the FEL action 161. analytic calculationslO. The quadrupole set is
Smooth changes which occur on scales greater clearly the best. As expected, there is an optimal
than a gain length are less deleterious. it is focusing strength. Peak quadrupole performance
perhaps easiest to show this by performing a occurs close to, but not precisely at the
complete 3D simulation. theoretically predicted 5 meter beta function. A

figure of merit for the effect of focusing on an FEL
Simulations is given by the vaiiation of the phase over a

betatron period. This is related to the extent of
The code TDA3D 171 was modified to allow detrapping of electrons from the pondermotive

for sextupole focusing. This code solves the well. For quadrupole cases, this effect is small. For
averaged FEL equations in 3D and takes into the sextupoles used in this example, detrapping
account known phenomenon for the regime becomes significant for a beta function < 5 meters.
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Conclusions
focusing for Planar Undulators, Proceedings of the

Strong (alternating gradient) sextupole Third Workshop on Advanced Accelerator Concepts
focusing does not work as well as comparable (1992).
quadrupole focusing. Strong quadrupole focusing [2] R. Bonlfacio, C. Pellegrini, and L. M. Narducci,
performs very well in an FEL. Simulations indicate Opt. Commun. 50. p373 (1984).
that the ID emittance limit on focusing can even [3] E. T. Scharlemann, Wiggle plane focusing in
be exceeded provided that a small phase advance linear wigglers, J. Appl. Phys. 58 6. p. 2154
per cell is used. This implies a need for a high field (1985).
gradient focusing systems. Such systems would 14] T. J. Orzechowski, et al., High Efficiency
allow for the construction of shorter, higher gain Extraction of Microwave Radiation from a Tapered
free electron lasers. Wiggler Free Electron Laser, UCRL-94841 (1986).

There may be occasions when sextupole [5] R. Tachyn, "Permanent Magnet Edge-Field
focusing is advantageous, but this is unknown at Quadrupoles As Compact Focusing Elements For
this time. An independent numerical confirmation Single-Pass Particle Accelerators," SLAC-PUB-
of this work would be a useful endeavor. 6058. Also, see the Proceedings this conference.
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Acknowledgments (1988).

171 T. M. Tran and J. S. Wurtele, Comput. Phys.
The authors thank Claudio Pellegrini for his Commun., 54 263 (1989).

many useful comments. A great deal of this work is [8] H. Winick, et al., "A 2-4 rum Linac Coherent
based on the work of Ted Scharlemann. This work Light Source (LCLS) Using the SLAC Linac,"
was supported by the US Department of Energy Proceedings this conference.
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Figure 1: A comparison of quadrupole and sextupole focusing in an FEL. Analytic results are also
plotted for comparison. The emittance limited optimal focusing is indicated by the vertical line (at 5
meters).
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Generation of High Power 140 GHz Microwaves

with an FEL for the MTX Experiment*

S.L. Allen, C.J. Lasnier, B. Felker, M. Fenstermacher, S.W. Ferguson, S. Fields, E.B. Hooper,
S. Hulsey, M. Makowski, J. Moller, W. Meyer, D. Petersen, E.T. Scharlemann, B. Stallard, R. Wood

Lawrence Livermore National Laboratory, Livermore CA 94551

ABSTRACT Table I
FRED Predictions of FEL Output Power

We have used the improved ETA-II linear induction Parameter Variation % OutI Achieved
accelerator (ETA-Ill) and the IMP steady-state wiggler to Beam Energy 7.5 to 6 Mev 50 6.3 Mev
generate high power (1-2 GW) microwaves at 140 GHz. The B Current 2.5 to 2 kA 60 2.5 kA
FEL was used in an amplifier configuration with a gyrotron 2.0 to 2 kA 17
driver. Improved control of energy sweep ard computerized 2 2
magnetic alignment in ETA-Ill resulted in small beam Brightness 1 to 0.2x 108 60 >108

corkscrew motion (< 1.5 mm) at 6 Mev, 2.5 kA. Reduction A m-2 r-2

of wiggler errors (< 0.2%), improved electron beam matching, Beam Motion ±1 mm
and tapered wiggler operation resulted in peak microwave (40ns)
power (single-pulse) of up to 2 GW. These pulses were Energy Sweep ±1% to ±2% 80 ±1%(35 ns)
transported to the MTX tokamak for microwave absorption Wiggler Error 0.2% RMS
experiments. In addition, the FEL was run in a burst mode,
generating 50-pulse bursts of microwaves; these results are
discussed elsewhere [1]. Several hardware and operational improvements were first

tested on a 20-cell version of the whole (60 cell) ETA-Ill
system, resulting in reduction of the corkscrew motion and
improved energy regulation [2,5-6]. These improvements were

Generation of high power microwaves with an FEL is then implemented on a 60-cell version called ETA-Ill, and a
advantageous for fusion experiments for several reasons: steady-state wiggler was installed. Note from Table 1 that the
1) the output is a simple TE01 mode which couples directly required electron beam parameters have been achieved. Tapered
to the plasma, 2) there is no output window which could fail FEL operation resulted in the generation of single pulse
at high power, and 3) frequency sweeping is possible by microwaves up to 2 GW which were transported to the MTX
varying a low power source. The FEL for the MTX tokamak with a quasi-optical microwave transport system.
experiment is made up of four major parts: the ETA-Il linear Further optimization of the output power was not performed
induction accelerator, the electron beamline, the IMP wiggler, because of extremely limited experimental time. Electron
and a quasi-optical microwave transport system connected to Cyclotron Resonance Heating (ECRH) experiments on MTX
the MTX tokamak. FEL performance in 1989 was limited to with the FEL demonstrated noni'near absorption of the high
short (5-10 ns) 0.2 GW pulses at 140 GHz because of a power microwaves, in agreement with theory [7].
substantial corkscrew motion (-1 cm) of the beam and the Extrapolation of this theory shows good absorption for reactor
nonreproducibility of the electron beam pulse (making conditions, indicating that FELs are useful for future fusion
empirical wiggler tapering difficult). The corkscrew motion is machines.
caused by the energy •weep of the beam during the pulse,
coupled with misalignments of the solenoidal transport system
of the accelerator 12). II. DESCRIPTION OF THE FEL

The 2-D FEL simulation code FRED (31 was used to
estimate the beam parameters required for high-power FEL A. The ETA-Il 60-Cell Accelerator
operation. At a beam energy of 7.35 Mev, 2 kA of beam The ETA-Il accelerator consists of an electron beam
current, and 50 W of drive power, calculated output power is injector and 60 accelerator cells. The injector consists of a
approximately 5 GW [4]. This estimate requires a ±0.1 cm thermionic, osmium-coated (12.7-cm-diameter) dispenser
beam displacement, a ± 1% energy sweep, and a 0.1% error in cathode operated in a diode configuration to generate about
the wiggler magnetic fields. The sensitivity of the output 2500 A at 1 Mev in the space-charge limited regime. Several
power to these quantities is shown in Table I, along with
achieved parameters.

*Work performed under the auspices of USDOE by LLNL under
contract W-7405-ENG-48
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improvements tested on the 20-call prototype were were measured with current return monitors and processed into
implemented on the 60-cell version of ETA-II for these a corkscrew amplitude A by the MAESTRO system. The
experiments: 1) a multicable pulse distribution system[8], MAESTRO system also controls the 60 pairs of power
2) arc and overvoltage protection, 3) feedback control of pulse supplies for the sin and cos correction coils in each cell block
timing, 4) an improved cell design to minimize arcing and the used to minimize A. The computer system has been
Beam Break-Up Instability, 5) in-situ magnetic alignment[91, optimized so that A is calculated and the currents are changed
and 6) a computerized tuning algorithm to minimize between pulses at 1 Hz. MAESTRO can automatically
corkscrew directly[101. The computer processing was process all 60 cells in a few hours.
substantially improved compared to the 20 cell case so that
the whole accelerator could be tuned in about 1 day. B. The IMP Wiggler and Microwave System
Improvements (1) and (3) resulted in much better energy
regulation, as shown in Table 1, AT/I" of ±1% for 35 ns vas Shown in Fig. 1 is the FEL system; a series of
achieved. The feedback system enabled pulse-to-pulse magnetic lenses are used to transport and match the electron
corrections in the timing of each magnetic compressor (MAG- beam into the input of the wiggler. The 140 GHz gyrotron is
ID) to be maintained within -1-2 ns; daily variations of over the master oscillator (MO); a mirror in the sidecoupler focuses
20 ns were continuously corrected. Energy flatness was also the microwave beam into the wiggler; a 4-cm diameter central
improved by optimization of the operating point of the MAG- hole is provided to pass the electron beam. The IMP
ID; a slightly rising waveform was used on the first 20 cells wiggler[l 1] is a tuneable 5.5 m hybrid (both permanent and
to compensate for a falling waveform from the injector. The electromagnets) steady-state wiggler with a 10 cm period. The
corkscrew amplitude was found to depend weakly on the field is adjustable from 2.7-5.5 kG in the first half, and 0.6-4.1
operating point (±10kV from 90 kV per cell gap). kG in the second half of the wiggler. Atter careful

MirrG2
Waveguide Vlasov to Mr G2

to FEL MTX I 'Jt:,",

A :---Transmission
I I

Taper Line -To MTX

V iT a p e r )X"

FEL to•L• / Rotatable
F mirror M2

140 GHz Transmission
GYROTRON line

Microwave
ZI diagnostics

BeamEline IMPWIGGLER Mirror

rom MTX TOKAMAK
accelerator

cuSide Microwave diagnostics Mirror M1
couple.

Fig. I The FEL is compos:d of the ETA-I1 accelerator (at left), the electron beamline, the master
oscillator (gyrotron), and the quasi-optical microwave transport system to MTX.

Redu:tion of magnetic errors with (5) and (6) resulted in construction, hall probe measurements indicated that the RMS
transverse beam motion nearly comparable to that obtained for wiggler errors were reduced to 0.1% for electromagnets alone,
the 20-,ell experiment[5], i.e., ±1 mm for 40 ns. A Stretched and 0.2% for the whole wiggler. We have verified the electron
Wire Alignment Technique (SWAT) was used for alignment beam matching in the wiggler with a moveable optical target;
before operation. During electron beam operation, the no strong evidence of beam steering or abnormal growth in
\4AESTRO[10] computerized control system minimized the beam size was observed.
corkscrew directly. The x and y components of the beam
motion ,referenced either to the beam or apparatus centroid)
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used in microwave transmission experiments in the MTX
III. EXPERIMENTAL RESULTS tokamak; nonlinear ECRH behavior was observed, in semi-

quantitative agreement with theory. Burst mode operation of
A. FEL Output Power at 140 GHz the FEL was also demonstrated, and is described in Ref. 1.

1.5 .

The FEL system was operated at 1 Hz, and scans of :
the wiggler magnetic field were used to determine the IMP i %y. 1 * .
operating point. The wiggler was then tapered to optimize the b s

output power, again using the MAESTRO system for control.
We started with a theoretically-derived taper, and then 6

empirically optimized the output power. The output power
waveform was measured with both a calibrated diode and a C 0.5

receiver. A more precise calibration of the time-integral of
this signal was provided by a precision calorimeter. An
example of a pulse is shown in Fig. 2; we measured peak
powers up to about 2 GW. 0 A

16250 16270 16290 16310 16330 16350
MTX Shot Nunmbe

2 Fig. 3. The peak microwave power (measured at MTX) varies
from 0.75-1.4 GW during a day of experiments

LU We would like to acknowledge the fundamental

accelerator and FEL work done by the Beam Research Group at
1 t-LLNL that made these FEL experiments on the MTX tokamak

0 possible.
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Abstract The FEL peak output power exceeded I GW during many
bursts. This is not as great as the highest power (=2 GW)Pulses of 140 GHz microwaves have been produced at amesrduinsng-pseoraon[]Crkrwad

2 kHz rate using the ETA-Ill induction linac and IMP wiggler. measured during single-pulse operation [1). Corkscrew and

The accelerator was run in bursts of up to 50 pulses at 6 MeV energy sweep of the beam during a burst remained within the

and greater than 2 kA peak current. A feedback timing control acceptable range during short bursts, as evidenced by consistent
system was used to synchronize acceleration voltage pulses FEL output (Fig 4). The experimental time to optimize
with the electron beam, resulting in sufficient reduction of the operation was limited, so the longest recorded burst of
corkscrew and energy sweep for efficient FEL operation. Peak microwaves contained slightly more than 25 pulses (Fig. 5).
microwave power for short bursts was in the range 0.5-
1.1 GW, which is comparable to the single-pulse peak power II. DESCRIPTION OF THE EXPERIMENT
of 0.75-2 GW [1]. FEL bursts of more than 25 pulses were
obtained. A. The ETA-Ill Accelerator

The accelerator was configured in nearly the same way as

I. INTRODUCTION for the previous 20-cell experiment [1,2,31, except that 60
accelerator cells were in place to provide 6 MeV beam energy.
The high voltage pulses to drive the induction gaps werePulses of high-power microwaves were generated using theprvddbforulepwrsytmaccnitngfa

ETA-Ill (an upgrade of ETA-lI), a linear induction accelerator provided by four pulsed power systems, each consisting of a

at the Lawrence Livermore National Laboratory, and the IMP Unit mPP ne(ig pulTe p re e ed by C P ower

(Intense Microwave Prototype) wiggler. The microwaves were Upit run at 1 0. A capacitor ba for

produced as part of the MTX fusion energy project. To supplies typically run at 10-14 kV. A capacitor bank for each

progress from single pulse operation to bursts of pulses at DC supply helped maintain voltage during bursts.

multi-kilohertz rates, modifications were made in the pulsed- -V DC -- I . A

power systems, and a new timing compensation scheme was
implemented for synchronizing the acceleration voltage pulses
with the electron beam. Mag IES

The timing system was especially critical [4]. The

electron beam provided most of the loading for the high-
voltage pulse at the induction gaps. If the high voltage pulse Ds•
did not arrive at the gap within +/- 10 nS of the electron bo
beam pulse, the unloaded voltage would have been too high, electron
causing an arc and damaging insulators. To achieve the best electron beam
acceleration of the beam, the high voltage pulse timing needed beam to
to be controlled to within +/- 2 nS for each pulse of a burst. from-1.. 10 Cell 10 Cell now
This was shown to be within the capability of the feedback injector Block #1 Block #2 block
timing compensation system. Note that it is not the standard Fig. 1 A typical Pulsed Power system drove 20
deviation of timing measurements which is critical in cells.
preventing arc damage, it is the largest excursion of timing
from the target value. Rst ee

ETA-III was run in 2 kHz bursts of up to 50 pulses. The Dl
electron beam reached peak currents of over 2 kA at 6 MeV. 'e 1,Fe

An example of a long burst is shown in Fig 3. For FEL FrDiode T Diode
operation, the beam used in IMP wiggler with 7 kW of master
oscillator power at 140 GHz generated by a gyrotron. =-RC -- #-IES .1+ - MAG 1 -D .

Fig. 2 Pulsed Power Schematic (from Ref. 3).
• Work performed under the auspices of U.S.DOE by LLNL

under contract W-7405-ENG-48 The first stage of each PPU was the Charge Resonant
Command (CRC) circuit, which regulated the voltage. The
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second stage was the Intermediate Energy Storage (IES) which The feedback timing compensation system for the high-
was triggered to fire the accumulated charge into the MAG-ID. voltage pulses was expanded to handle four MAG-1D pulse

Thyratron tubes were used as switches in the PPU's. The compression units independently. The previous single-
PPU's, the MAG-ID's, and the accelerator cells all contained correction LabVIEW® control system [51 was modified by
ferrite material to act as magnetic switches. The ferrites were using a LeCroy 2228A Time-to-Digital Converter to measure
reset to the bottom of their hysteresis loops by currents in the firing time of each MAG-ID, from capacitive probe
field windings. samples of the output. The computer adjusted the delay

The PPU typically generated a voltage pulse of 20-22 kV generator triggering each of the PPU's to cause firing at the
peak value. This pulse was compressed by the MAG-ID units, target time.
which were able to step up the peak voltage to over 130 kV. For burst mode, a Kinetics List Sequencing Crate
The output pulse had a full width at half maximum of 70 nS. Controller was used to record the delay values for each of the

The injector was run by a dedicated PPU and MAG- ID 50 pulses of a burst. Timing corrections were written to a
unit, ordinarily at 100-120 kV peak voltage. Three other Digital-to-Analog converter. The analog voltages, one for each
PPU's each ran a MAG-!D, which each in turn drove 20 pulse of a burst, went to a delay compensation chassis for each
accelerator cells in parallel at 80-100 kV peak. A distribution PPU, which converted the voltage into a trigger delay [7].
box split the output of each MAG-ID into 10 cables, each of The timing system was able to time-align the pulses to
which drove two cells. The cable length provided transit time within 2-4 nS of the target value when the jitter in the MAGs
isolation during the pulse, protecting cells from reflected and PPU's was low (normal operation).
voltage originating at cells attached to other cables. To achieve operation at normal voltage (80 kV) on the

Changes made to the pulsed power system for burst mode accelerator gaps and 2300 Amps injector current (FEL
included an additional high voltage DC power supply and parameters), the accelerator was started at low voltage and
capacitor banks for the PPU's. Thyratron tubes were replaced raised slowly. This was because the voltage pulses had to be
with high repetition rate units, new ferrite diodes were installed precisely timed with the beam load to avoid over-voltage and
in the PPUs, and new bias circuits were made for the IES gap arcs. Changing voltage caused large timing changes in the
reset. MAG-ID pre-compression reset inductors were PPU's.
installed, thyratron trigger chassis were modified, and the DC For burst mode at full current, it was necessary to start
power supply for the trigger chassis was upgraded. The high with 2- or 3-pulse bursts at low voltage and slowly raise
voltage trigger distribution units were improved, and voltage. The operators found that a sodium thiosulfate solution
circulation pumps were added for the fluid in the cell resistors giving a resistance of 150 Ohms in the cell load resistors
[4]. prevented arcing and allowed easier startup than de-ionized

water, and did not place an unreasonable load on the MAG- I D
B. IMP Wiggler units. This was due to the resistors providing some load even

The IMP wiggler [6] is a steady-state hybrid laced wiggler if beam loading was poor. Ideal beam load was 40 Ohms.

with a period of 10 cm and an active magnetic length of Ill. EXPERIMENTAL RESULTS
545 cm. This replaced the pulsed ELF wiggler to maintain
resonance during long bursts. The wiggler field in the The injector was operated independently at up to 3 kHz, in
upstream resonance region, tunable from 2700 G to 5500 G, bursts of 50 pulses. The entire accelerator was run at 2 kHz

was ordinarily near 3 kG. The downstream part had a linear because some trigger chassis required reduced inductance in

range of 600-4100 G. Each electromagnet was cooled by ferrite diodes to run at higher rates This was not done due to

separately instrumented and interlocked water lines, time constraints. Repeatable operation of up to 50 pulse

Independently computer-controlled power supplies were used to bursts of electron beam at over 2 kHz and over 6 MeV was

drive the electromagnets. A copper circular wave guide of achieved. A 45-pulse burst is shown in Fig. 3.

3.25 cm inner dimension was used between the wiggler Short bursts of FEL pulses were repeatedly obtained with

magnet poles. The wiggler field errors were measured during peak power near I GW (Fig 4). For longer bursts, the

assembly at 0.2% RMS. microwave output was less repeatable but still produced many

The computer control of the wiggler allo ved repeatable good pulses (Fig 5).

remote-controlled tapering of the wiggler field without The reduced effectiveness of long bursts is at least partially

physically moving magnets. Different magnet configurations attributed to the beam falling out of resonance in the wiggler,

were stored and re-loaded easily. The computer was also due to the pulsed power capacitor banks being drained during

helpful in performing scans of the wiggler field, raising and the burst. Power supplies connected to the banks were able to

lowering whole sets of magnet poles together. recharge capacitors between bursts, but not maintain voltage

Because of the permanent magnets, %hen lower field was during a burst. For long bursts, the capacitor bank supplying

selected on any pole, the computer ran an hysteresis loop of the injector was drained so that less beam current was produced

the whole wiggler to repeatably arrive at the requested field. (Fig. 6). Due to reduced load on the induction gaps, this most
likely increased the beam energy unless gap voltage dropped at

C. Timing Compensation System the corresponding rate.
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In some cases, FEL microwave output power dropped off
during a burst due to a mode shift in the gyroLron master The FEL microwave power was measured by a diode which
oscillator, seen as a change in gyrotron microwave monitors, detected a sample of the wiggler output power, by means of a

7 small coupling hole in the center of the first mirror of an
evacuated quasi-optical transport system. The diode was

6 calibrated by calorimetry at the end the transport section [8].

5 IV. DISCUSSION
Burst Mode Free Electron Laser operation using an

S4 induction linear accelerator has been demonstrated for the first
time, and was used to produce bursts of high power (-1 GW)

8pulsed microwaves. The accelerator hardware was upgraded for
- . high repetition rate, and the timing compensation system was

S2 expanded to control burst mode timing synchronization.
There is potential for improvement. Using a much larger

S1 •power supply (5 MW compared to 695 kW total for ETA-Ill),
the High Average Power Test Stand at LLNL was able to

0 consistently demonstrate operation of a PPU and MAG-ID

-1 _pulse compressor into a dummy load for 800-pulse bursts (a
result of the work described in ref [4]). Burst length could

500 550 600 650 700 also be extended by using larger capacitor banks.
Time, nS

Fig. 3 Electron Beam Current vs. Time for a Burst of 45 REFERENCES
Pulses of Electron Beam at 6 MeV.
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Fig. 6 Peak Current vs. Pulse Number in a 45-Pulse Burst.
Peak current falls off slightly during the burst as capacitor
banks are drained. The line is a least-squares fit to the points.
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D e s i gr arii d i ti e rx i III ! ,i t. o f SG- I EI.

llui Ziongx I

Institute of F. ngilieering Electronics

I N'I'It. 0 i) UIC 'T I O N beam. So the cathode of diode i f finely designed

Sf-1 FEL is a raman legion free electron laser to provide electron beam with small emittance and

amplifier , with wavelength of 8-9 mm , based on strong current.The diode has planer configuration

induction LINAC . The SG-I FEL contains a 3 5 MeV and its emitter is made of velvet.

accelerator ,electron beam transport system , tap For improvement the stability and reliability

ered electro-magnetic wigglermicrowave source and of accelerator, the switch system of Marx genera-

computer controlled system. tfors are carelorly adjesled anid the total jitter

The design parameters of SG3-I FEL is as IoIlows Lime of switchs are < S ns. So the synchronism

E= 3-3.5 MeV , AE/E ý 3 % , I 450 A , deviation between ace. and FiF source is very small.

En= 0.4?7TCN HAD , 'C - 60 ns , D. 3 3. lkfs The cross section of injector is shown in Fig.2,

,W= I I cm , = 36 As 8-9 mm

Pi. = 10-20 kW , Pour 10 l W ( with cons-

Lant wiggler )POUT> 10' W ( with tapered wiggler)

The layout of Sf3-I FEL is illustrated in Fig. I

DESIGN O|: SG-1 F .Et"

The induction LINAC I consists of a I MeV in-- anode

jector and 8 accelerating cells, Each cell can give

the electron an energy increment of 300 keV It is

well know, an electron beam must have high hright

ness to appropriate for FEL requirement and FEL

gain is strongly dependent on quality of electron Fig 2 The cross section of injector

CIVI E S, CKVi S S, W i g g I e r D_

S 1,S 2 :Beam transport solenoid coil. IPFS radio Frequency Source,

S, -Thin focussing coil, lie Ilianostic Equipment

Fig I L.ayout of Sf3 I FEi.
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In order to decrease the loss of electronbeam, n C-,g he livdi si rePgl h It hi, b-1ee found that

the beam transport system is itesigir ( s.im 1, ly 11id the fi ldP I tr1 1 '1. hI r l i ,ii r,'r.-i , hly a fa rl or tof I1

shortened. It cons ists of two beam traispp r t coilI. 211 1 Ihr laynorit to lh. hi f l it p, le electromagnet

and u ne thin focusing coiI and is easy to t urn inr. wiggler I rd it s I'lloliigra, h arp 1hor wn It y Fig 3, 4

its parameters. The electron beam parameters at theh

input of wiggler is measured as follow

E= 3 3 1. 5 MeV. 'AFE/E 3%, 3 % NJ0 7f01) I , , IA

(.=U0.413 Icm rad 'C: 40 ns , r. I cm x =o0.8< 2

A new shield-pulse tapered electromagnet wig -- A V.... -ý --- -- -; -

gler " with parabolic pole surface has bee t des ig --g__6

ned. This wiggler has some special features. It is ITJ

very easy to adjust the magnetic field, it can pro -- 1 ..

vide horizontal focuse of electron beam and small

electric power is needed. Each two periods of the I Magnetic pole, 2 Coi i 3. Shie d plate

wiggler magnet is energized by its own independet- Fig , The layout oI the P shirld I ulse

ly controlled power supply.Thus the prolile of the electromagnet wirl e.Pr

wiggler magnetic field along the beam axis c:an lie

tailored to almost any desired shape. The po)wer sri

ppIy is consisted by thyristorscapa citor and wig,

gler coils. The barl period time of the excitatL i o-i

current through the wiggler coils is Ims. To ensure

that the wiggler axis of the beam coincides with

the mechanical axis of the wiggler, the first ann

second period of the wiggler is energized to ( 1I 3

Bw-0. 8B- ).and the last period is energized to(U 9

B.-O. 3B- .where B_ is the peak wiggler field in

side the uniform wiggler. The magnetic field (if the

wiggler is given by

B-' - H, c(ishk.XcoshkYcosk._ZYI

k./k, )sinhkXsinhkYcosk-J ,XI

k-/k, )coshk.XsinhkYsink7.Z7l (I) Fi?. 4

with k. fk' - k,. k. - wave number (11 wiggler

More importantly ,this field ensures that the N U Ni l. Ii I •. Al. A I M I II. AT' I O N A N D

longintudinal velocity of an elertron remains o:n V X P 1- I? I MI E N T A I. I? " S U Io,'I'S

stant over a betatron period. Without Ihis prioperl y W,. have dieve'loped a 3 1 numerical code (WAOFEL)

the electrons could detrap from the pnnderamotive inor!r pfirati g stanrdard F l, vquafiriits . modified by

well with serious consequences Ior the FFI. Pettrli toIl aI i t er I P ct s in I h f a, it r tical dynamics and the

man c.e Ire lI rquali rlirs W A1;FF I. crn umde I propagat ion and

The uocsss i ng proT~eo ty is dependent lty f n1-1 1r i itlIr I i PrIr |t i ion , a m wi I I mi iowa ye in a r ec-

rient )- kd/k. . For our case the toll imum villne l If lit,'ri,tI watvr lr Iit i •i n r Ii i It .Litin gr.nttf agree-

is , I 4 2 ) The shield plate is used f"r .nnllit h ,rl Iclwrii rx, Per r,,nI a I rn'st I ts and numer ical
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s imulat ions, it i s nte ce ss a ry t o Iin cIudite [ lie effIcct S (J N1 MA R? Y

of longitudinalI space charge forcesý and therI efect We1 11 li ) siic e s all ] Iy (Ile i 7iied V 11 I F F1. a mp -

of r e I a t i v i st Li c I a ctor of elI e c t r on I i n I.h e K M11 vi q u P Fr I htatI i s a In i r r n wa vi e : I . w iI t Ii oi a x a I g uai dte

at ions 9 I n simIsulIat ion, the wave numbe r It - i tc Iulue s f ielId -1 11 ( has ilemonitstratr ei i r.l vain , ileic enItcy

the wavequ id e c oIr rect lions for the IFo, mode Iiiil iii 1 w fo ali ave d lvr lipe a 1 1 nu

k. ~w/C' 7 ( 2) inr P Ia I ()ide WAGFF.I. w Ii it It ca i niode Ipi opagat ion

where b i s the wavequide width .To study t he FE L and inteII.Pr ac I i on e Iecct r on beam w ith m Ic rowave i n a

dependence on wiggler length, we started with the Irec aItaF. it Iar wa ve uinid P I i o iter I oo iita in a grecement

u nifIorm wig glIe r and measured thre ampIiIi e r o u1.1iu t between enper iment and t hrri y we have Itoundi t i s

as a f unctIion of wi gglIe r magneti c f ield i. The dte tn u t ne ce ssa ry to i nc lMe iflc rflrccts of lonItg iIItud inalI

in g c ur v e I or u n ifI o r m w i g g I e r i s s hown i n F i F. 5 sp1)a r e eli a1 r , C Ii or c e arit td [ Inf e If I e c I. o1 r e I a t i v i s t ic

I n inI ItP p I I I.a Ie it y tg irs an itI

6" .00 1...J....L. ..L.. - J -L.J..- . I vI d #-,aat aIiiin s. ThIef agV rrePemnit t It rtwe en taxp erimentalI
J -- JrIe s IntIII ar) nii 1me r if-alI ý rin Ia Ia i onns i s q u ite Food We

4.00 J .J -- L-JL -J ------------. ha vePo ri liar] a d eIitan i ig cr tIver a ndi have stud ied tIh e

ou~u iitpnit ;-owrr of SG1 I FF1. with u n ifIormi w ig glecr a s a

u It v I i I ur e t on In wig 7, 1I Ic rigF~ Iii. 1 le man i mum on t put pow-
200- J -- -- L J L .it it

v ir l 10MW hta s h leiena cIti r ved
LLL-. -(-J .L - J.L L J.

A C: K N () WV I .~ F) D~ F M F N 'F
0.00 -- rrr rr---y,

2.02.50 2.70 2 . 0 E,) I aim happy to achknowledge prilf Yang 7,henhua

Fig.5 fietuning cu r ve for a Uniform Wiggl er I li ng Ila i ian.lDeng .1lianjnnir.7.innni fiiiarnming,lIlu Kesong,

Us ing thIte magneti c f ield correspondi ng to t he Toiiii l.nirigzhou,Wu Hu ianD, Tao Znneong for their valn-

peak at the detiining cu r ve from ercperiment,we eva able ciintributions.

mined the FEL o utIp uL powe r a s Ilun ct i on ofI w igglecr It F F F I? FN kS

l e n gth, ill Iust rated i n F ig. 6 (I) li /Inn'ngx i . ligi Fp11Iowe r l a ser and particle
lear-195s Vil. 2. No.( 3 tl ,
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1 (2) 11 ~( 1 rng liIa n nt, e t at1 1 iF Itigh owe r laser and part
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Electron Beam Quality Limitations and Beam Conditioning in Free Electron Lasers*

Phillip Spranglea), B. Hafizib), Glenn Joycea) and Philip Serafimc)

a) Plasma Physics Division, Naval Research Laboratory, Wash., DC 20375-5346
b) Icarus Research, 7113 Exfair Road, Bethesda, MD 20814

c) Northeastern University, Boston, MA 02115

Abstract implies that the beam's axial velocity
spread, SVz, should satisfy Soz << X/2L

The operation of free electron lasers where 60z = SVz/c, X is the radiation
can be severely limited by the axial wavelength and L is the interaction length
velocity spread of the beam electrons. We (e-folding length) of the radiation field
propose a method for reducing the axial in the low gain (high gain) regime. The
velocity spread in electron beams by axial velocity spread can be written as
redistributing the electron energy via ( 22 2")/2
interaction with an axially symmetric, 6z = + a /2)6y/y - n /2r by
slow, TM waveguide mode. In this method,
the energy redistribution is correlated where y = 1 + E/moc 2 is the relativistic
with the electrons' betatron amplitude, factor E is the beam energy, 0y/y is the
Reductions of more than a factor of 40 in factonal intrs beam energ y spre

the rms axial velocity spread have been fractional intrinsic beam energy spread,
t is the normalized emittance, aw
oeuBw/(kwmoc 2 ) is the wiggler strength

Many coherent radiation generation parameter, Bw is the wiggler field

mechanisms are based on the longitudinal amplitude and rb is the radius of thematched electron beam. In many cases,
bunching of electron beams. These sources
include traveling wave tubes and free electron beam quality is limited by the

electron lasers (FELs) [11. The degree to emittance contribution and not the energy

which an electron beam can be bunched is a spread term, i.e., 6y/y << (1/2)( /rb) .
strong function of the beam quality. The In any case, it is clear that electronstrog fncton f te bam ualty.Thebeam quality, in particular, 60z, limits
two independent contributions to the be quatin p c FEimt
electron beam quality are the intrinsic the operation of FELs.enery srea andemitane, bth f wichTo analyze our conditioning method we
energy spread and emittance, both of which consider the electron trajectories in a
lead to a spread in the axial electron planar wiggler with parabolic pole faces.
velocity and limit the operating These orbits consist of rapidly varying
wavelength, gain and efficiency of the (wiggler period scale length) and slowly
device [1]. A method for conditioning, varying (betatron period scale length)
i.e., reducing the axial beam velocity varyn b ndgspread, was recently proposed in which the terms 141.
beam was propagated through a periodic In the highly relativistic limit, thebea wa pr pag ted thr ugh a p rio ic axial particle velocity normalized to th•
array of focusing, drift, defocusing, 1partic givel no lze t 1 /2
drift channels and microwave cavities [2]. spee- of light is given by Oz = 1 , /c Y

Here, we propose an alternative - ( N + J)/2, where -,y = vx,y/c is the

conditioning method which redistributes ratio ot the transverse velocity

the electrons' energy according to their components to the speed of light. The

betatron amplitude by using the electric square of the perpendicular velocity,

field of an axially symmetric, slow, TM averaged over the wiggler period, is
f ie d mof e an ]. axalyindependent of z. Substituting the fast
waveguide mode [31. and slow orbits into the expression for 3z

In the FEL mechanism, the resonanceansetgy= + ,whr yite
condition is w - vz (k + kw) = 0, where 0) and setting y = yo + Sy, where Sy is the
c ick is the frequency, v( is the axial electron's energy deviation term, we find

z ndXwisthat Oz = Ooz + 6i8z, with oz= 1 - (1 +
electron velocity, kw = 2n/XI, and x# is tat/2/2o, w oz 1(d

the wiggler wavelength. This condition w

61z = (I + a /2) SY/y - k2 r/2. (1)

* Work supported by ONR
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Here yo is the gamma associated with the The energy increment is proportional
reference electron, traveling along the z- to the square of the betatron amplitude
axis without a betatron oscillation, r2 = and the electron pulse length remains
2 2 osiltin 0xo + yo, where xo, yo are the amplitudes approximately constant. Our results show

of the slow components of the displacement that the degree of beam conditioning can
from the axis and terms varying on the be significantly improved by removing the
wiggler wavelength scale have been accelerating component of the TM field.
neglected. The normalized beam emittance, It can be shown that complete conditioning
for a matched beam in the focusing fields of the beam is achieved at kpz = nt, (n =
of the wiggler, is en = yokorg, where k 8 = 1,2,3,..) provided the normalized strength
awkw/ 2 y is the betatron wavenumber. Note of the waveguide field, aO = lelEo/(mocw),
that the emittance contribution to the is given by
velocity spread in (1), i.e., k+r2/2 is
independent of propagation distance. It 4y (k /k) y a 3
will be assumed that the axial velocity a 02 -2n 0 (Tw)V
spread due to emittance initially nn(l+a w/2) (1 + a2/2) w
dominates the velocity spread caused by w
the intrinsic energy spread. (2)

The proposed conditioning field is an
axially symmetric, slow, TM waveguide mode The conditioning method is
with axial electric field illustrated with full scale particle
E = E I (k r) cos simulation of two examples, a 10 MeV and a

z 00 0 1MeV electron beam, see Table I. For the
10 MeV example, the axial velocity spread

together with the associated transverse of the beam in the conditioning fields
electric and magnetic fields, where Eo is will reach a minimum at z = n/ko = 375 cm,
the maximum electric field amplitude on beyond which it increases to its original
axis, kI is the transverse wavenumber k value. To maintain the minimum spread the
is the axial wavenumber, w = c(k 2 - kj)l/2 conditioning field is adiabatically
is the frequency, * = kz - wt is the phase removed at z K n/k 8 . Figure 1 shows the
and In is the modified Bessel function of evolution of the ractional axial energy
order n. The axial phase velocity of the spread for 100 randomly selected electrons
traveling wave is matched to the axial as a function of distance along the
beam velocity, %h h = w/ck = 0, where 00 = waveguide. The convergence of the
(1 - 1/yb)'1  is the normalized axial trajectories in Fig. 1 with propagation
velocity of the reference electron. To distance indicates that the spread in
maintain synchronism between the axial velocity of the electrons is
conditioning field and the electrons, the significantly reduced by the conditioning
axial and transverse wavenumbers must field. Figure 2 shows the root mean
satisfy k = (w/clyo(ro • 1)1/2 = (w/c)/0o square (rms) beam axial energy spread,
and ki = (w/c)( o - 1)- /2 = (w/c)/(Yooo), To(60z)rms, as a function of distance. In
respectively, this illustration the spread is reduced by

In our conditioning method the beam a factor of - 40. For the 1 MeV example,
electrons are given an energy increment the rms spread in the axial velocity is
which cancels out the emittance observed to be reduced by a factor of
contribution to the axial velocity spread. approximately 30. In both examples, the
To reduce the velocity spread to zero, the required value of the conditioning field
conditioning field must give all the is in excellent agreement with the
individual electrons a different analytical prediction in Eq. (2). For a
fractional energy increment, 6yc/yo, given waveguide diameter of 1 cm the power in
by the conditioning field is - 10 MW and - 4

2,2 2 2r2 kW for examples 1 and 2, respectively.
2 2 2 2 2 In conclusion, in this paper a

2c 2 y4ro 2 no method is proposed for dramatically

Yo 2 (1 + a2/2) 2 + a /2)rb reducing the electron axial velocity
spread in FELs. The beam conditioning
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field is that of an axially symmetric,
slow, TM waveguide mode. A reduction in
the veloc'ty spread by a factor of 40 was
obtained.

2.0
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Fig. 2 Root mean square (rms) fractional

-4• axial energy spread versus distance. The
spread is reduced by a factor of - 40.r --1 --

-6
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[I1] C. W. Roberson and P. Sprangle,

Phys. Fluids B1, 3 (1989).
Fig. 1. Fractional axial energy spread, 121 A. M. Sessler, D. H. Whittum and L.
•oP1z i, where i = 1, 100, versus distance H. Yu, Phys. Rev. Lett. 68, 309
along the conditioning waveguide. The (1992).
curves represent 100 particles chosen [31 P. Sprangle, B. Hafizi, G. Joyce and
randomly from a distribution of 103 P. Serafim, Phys. Rev. Lett. 70,
particles. In this figure, the 2896 (1992).
conditioning field is adiabatically turned [41 E. T. Scharlemann, J. Appl. Phys.
off at = 375 cm. 58, 2154 (1985).

Table I

Electron Beam Example #1 Example #2
Energy, E 10 MeV 1 MeV
Emittance, en 3.5x10- 3 cm-rad 3.5xi0-3 cm-rad
RMS Radius, rb 0.14 cm 0.14 cm
Initial Axial Energy Spread 2.3x10- 4  2.4x10-4

Final (Min.) Axial Energy Spread 5.8x10- 6  7.9x10-6

Wiggler
Strength Parameter, aw 0.175 0.175
Period, Xw 3.14 cm 3.14 cm
Betatron Period, Xk 754 cm 104 cm

Conditionin Field
Wavelength, 2 cm 2 cm
Strength Parameter, ao 0.1 2x10 3

Electric Field, Eo 160 kV/cm 3.2 kV/cm
Interaction Length, - X1/2 375 cm 53 cm

Table I. Simulation parameters for conditioning a 10 MeV (Example #1) and
1 MeV (Example #2) electron beam.

1562



An Optical Approach to Emittance Compensation in FELs*

George R. Neil and Hongxiu Liu
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23606-1909 USA

Abstract non-resonant optical beam of high intensity. (See Figure 2.)
We present a new approach to compensating for the Assuming a radial profile to the optical beam, the core

emittance in very short wavelength Free Electron Lasers electrons wiggle more strongly than those on the outer edges
(FELs). The idea is based on the realization that the impact of of the distribution the central electrons, take a longer path, are
finite emittance is to "wash out" the phase coherence of the slightly retarded in phase, and therefore remain in resonance
electrons after passing some distance through the wiggler. longer in terms of the parallel gamma. This increases gain
This occurs because the electrons undergo betatron and effectively decreases the influence of emittance.
oscillations and those electrons with the largest transverse
motion must travel a longer path. The new approach is to - <'-s ,
compensate for this by introducing an intense optical beam Electron beam --. X. ....
colinear with the electrons. If the beam has a transverse Daft
Gaussian profile in the field then the core electrons see on the -,. RO,,, 8m w -/
average a higher field strength and undergo larger oscillations "hS "W M polo"-0or
can retard the core electrons sufficiently to allow them to stay

in phase with the electrons with large betatron excursions. Figure 1. Matched electron beam in wiggler
This paper presents the derivation of this effect, details of the
physical interaction and simulation results for sample cases. -
Limitations as to the practicality of the approach are also --------------- _ -Z ..... ..
discussed. Op�tical beam

discussed.~~ - -- - - - -- -
E&ev,'s s!.

I INTRODUCTION f°a- , wýe .

The sensitivity of FEL gain to the electron beam energy Figure 2. As Figure 1 but v/ith addition of intense optical
spread and emittance is a major limitation especially when beam at core
wavelengths in the DUV to soft X-ray region are considered.
At such short wavelengths the beam emittance and/or energy The matching can be calculated in terms of y,,
spread becomes a limiting factor in the performance of most
practical devices. Many designs have resorted to very long w= -- where y' = yo' / (I + K
wigglers or very high peak currents in a MOPA configuration 2y,
to achieve the required gain since mirrors have limited and where A., is the FEL wavelength, A-w is the wiggler
reflectivity in this region. Early proposals to improve the FEL wavelength, and y, is the standard relativistic factor but
acceptance for such situations worked with dispersed electrons projected onto the z (propagation) axis. Typically terms other
and involved wiggler modifications to introduce a gradient in than K 2 are ignored. K is a function of offset from the axis;
the wiggler resonant field. Recent workI involves finite emittance requires a radial profile to the electron
modifications of the electron beam momentum distribution by density. For a linear wiggler with infinite planes oriented with
means of a FODO channel and accelerator cavities operating the field in the ý direction
on the TM2 10 mode to establish a correlation between energy 2

and amplitude of transverse oscillations. These ideas have + K
shown the potential to reduce demands on the accelerator Yo = 1+ 1 .

energy and on wiggler length with concomitant cost savings. The result of the finite emittance of the electron beam is a
Presented below is a different idea to accomplish a similar variation on the order of 0.1% to 1% in the effective K2 over
goal, that is to reduce the negative impact of transverse motion the beam radius leading eventually to a phase mismatch across
of electrons in a wiggler. the beam. The phase slip is

The idea of reducing emittance sensitivity is based on the
realization that phase coherence is lost because electrons dv k.-kI(l+K2-2°a°tcksT+y2f2+a2
which spend the most time nearest the core are ahead of others 2y

after passing some length of the wiggler. (See Figure 1.) The where the new term a 2 represent% the addition of a new
idea of Ref. 1 is to have the electrons on the outside have
higher energy so as to better maintain coherence. Our optical wave a2 =_-E As an engineering formula for
suggestion is the opposite: slow down y, for the core e's. ckThis would be accomplished by co-propagating with the e's a Gaussian beams at focus a 2 = 1.4x 10-15 AsiPs, / RLI, where

* Supported by U.S. DOE contract #DE-ACO5-84ER40150
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P,1 is the power of the additional laser and RLI its Rayleigh linearly polarized wiggler configuration can be written in mks
range. We will attempt to decrease a,2 off axis to compensate units as
K2 increase. It is important to note at this point that this dy, n Wsi
effect is occurring in a non-resonant way, i.e., there is no zz kaaF , (5.1)
particular restriction on the frequency relationship between the
lasing wavelength and the new wave. In practice we will want k
W (o,,, but such that many oscillators occur in a betatron -= k - ( + aw + a ,acosY)+ , (5.2)

Sdz 2y? dz

For resonant electrons at IF =0 (a constant wiggler), d 2 a F

222o2 21 do / U fjCs1 (5.3)
AU= 2N[2•Ay Kk~y29 2 +a2 ( dz 2c 2k, a, Y

S+da 
(0 2 sin IF

/2F' 2 P~~ - a F4a,(5)
e_,r)2 =f efJ2• dz 2c a, W - aa,, (5.4)

2xF 2  2jr6 2  where

A ,m = 2 A K22 k2 2 +2y'2 2 + a2  aw =eB0 I 42imockw is the rms wiggler parameter,

" ' 1 + 2 (2) a, = eE, I i/2moc2k, the normalized optical electrical
field strength;

For a matched beam, the first two terms in the nzimerator of oP= (e I m0 )01I the electron plasma angular
the second term are equal and I frequency;

[ 4iE1 2 e the electron charge amount;
_ . c the speed of light;

r k j m0o the rest mass of an electron;

In this case the phase slip refers to an average over the Z4 the wave impedance of free space;
beam profile. Imagine now the effect of a,, in Eq. (1) J = lP / Eo the electron current density;
remembering that both K and a,, are functions of r. K lP the electron micropulse current;
increases off-axis and a,, decreases off-axis. With a proper 1o the average optical mode area;
choice of radial profile the laser beam can tend to compensate a the attenuation coefficient of the optical field in the
for the increase of wiggler field off-axis so that the resonant sense a.(z) = aoe-';
field is maintained over a larger volume. It is helpful at this (..) averaging over sample electrons;
point to consider an example: the proposed CEBAF IR FEL y1 the relativistic factor of the i th electron;
where r ==0.34 mm, A =6cm, andK= 1.76. The P=F =(k,. +k,)z-wwt+ the phase of the ithelectronin
emittance-driven two terms are 4 x 10- 3 total. They represent the ponderomotive potential well;
an equivalent energy spread of 10-3 . If we introduce a 1013 0 the slowly varying phase of the laser field; and
W, 1 pm laser on axis with RLI = 1 m, then a,, = 1.4 x 10-3 F4 = Jo (4) - J, (4) the coupling constant resulting from
on axis and could therefore have a significant canceling effect. the linear wiggler configuration with

II. MODELING

1. Original I-D Model 2. Modified I-D Model

The following is a brief introduction about the I-D model When the external laser is added, the original I-D FEL

for FEL modeling when the external laser is not applied, model is modified as follows

First, we assume that the wiggler field B,, and the laser dyi -_ka a,(y)F€ sinY, (6.1)
field (E,, B,) have the following forms a yF (

Ti

B. = Bo cos(kz)5, (3) dY_ = k, _....(l + a2 (O)+(a,(O)ky)2 +

E, E,0 cos (4.1) dz 2y, (6.2)
a 2 (y) +a 2 -2asa,,(y) cos •Pi)+ ,

B, B,0 cos'•',y (4.2) A a dz

where kw = 2 x /,r , is the wiggler wavenumber, B0 the peak do w_ , (6.3)
on-axis wiggler magnetic field, IF = (kz - wt + 0) the dz 2c2k' a,
phase of the optical field, and w, and k, are the angular
frequency and wavenumber of the laser field, respectively.

Then the one-dimensional equations describing the da, = 2 awIy)F -(sin _P (6.4)
interaction between the electrons and the optical fields with a dz = a )ka
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where a,, = eE,, I '2hmoc2k,, is the normalized strength applied with the parameters chosen in the calculation, we still
parameter of the external laser. can have a gain of 18% at Yo = 1.5 mm.

It is noted that the main difference between eqs.
(5.4) and eqs. (6.1)-(6.4) is that two terms, (a.(O)kwy) and so
a.1(y), are added in eq. (6.2). In addition, all the fast-varying
terms resulting from the external laser are neglected.

4. Canceling Effect or Compensation? 02

Let's look at the term
'Z 20K(a(Oky)2+ a,21(y), (7) • !• •

in eq. (6.2). ( 0  a = 0L8

If we expand a.,= o \0.O 02

0iY)=a21(0)(1I-(y1/0,j)2 ), (8)
a.1 y(8)

-10i

and write expression (7) into 0 .2 4 .6 .8 1 4 1 6
YO (mm)

(a(O)k.y)2 2 ()_a2 (OY/a' )2,
( )+ a.1(0)- a,(0Xy / ,, ) (9)

Figure 3. FEL gain for four different optical field strengths
and then if we consider

It is pointed out that the above results were obtained with
(a.(O)kwy)2 -a2.,(OXy/a,,) 2 = 0, (10) the 1-D model. Although we believe some of the most

important aspects of this idea can be reflected with the I-D
or model, as for FELs with no additional laser, the real 3-D

calculations are necessary to confirm our estimations. Some
a,,(0)I/q,, = a.(O)k., (11) further calculations will be presented in the near future.

this is a canceling effect.
If we consider III. REFERENCES

[1]A. M. Sessler, D. H. Whittum, and Li-Hua Yu, Phys. Rev.
)(12) Lett. 68, 309 (1992).

it is a compensation, since the term a2l (0) predominates in
the phase evolution.

We may probably have the compensation effect only,
since eq. (11) sets a,,(0) to a very high value that cannot be
easily accomplished by using an E-M wave (the magnetostatic
wiggler is the only way to get a field strength parameter like
a,, 1, and this is why few E-M wave wigglers or
electrostatic wigglers are used for FELs). In addition, one
principle should be that when the external laser is added, the
resonance wavelength should not change too much.

III. SIMULATION RESULTS

Figure 3 shows the impact of applying the additional laser
field. As an example, we are applying this idea to the CEBAF
IR FEL. The parameters for the additional laser are: A,,
(wavelength) = 1 pm, a,, (spot size) = 0.4 mm, RL (Rayleigh
range) = I m. The different field strength parameters are
chosen for the additional laser, where a,, = 0.0 and 0.02,
respectively, for the curves #1 and #2, a,, = 0.088 for curve
#3, and a,, = 0.2 for curve #4. The FEL power gain is
calculated versus the position of the electrons in the y-
direction. Note that when there is no additional laser, the gain
drops to -8% at Yo = 1.5 mm. But if the additional laser is
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Ultrahigh-Brightness Microbeams: Considerations for
Their Generation and Relevance to FEL

H. Ishizuka, Y. Nakahara
Fukuoka Institute of Technology, Higashi-ku, Fukuoka 811-02, Japan

S. Kawasaki
Faculty of Science, Saitama University, Urawa, Saitama 388, Japan

K. Sakamoto, A. Watanabe, N. Ogiwara and M. Shiho
Japan Atomic Energy Research Institute, Naka, Ibaraki 311-02, Japan

Abstract FIELD-EMISSION SOURCES
Field-emission tips have ever been the brightest electron The electron emission from a tip is characterized by a high

source, but the current of focused beams from them has been current density, small emitting area and large divergence angle
very low. A substantial improvement in beam intensity and (= 0.3 rad). The curent density given by the Fowler-Nordheim
brightness is expected with the use of a microfabricated gated- equation well exceeds 107 A/cm2 for an electrtic field of 108 V
emitter which produces a parallel beam near the emitter. A /cm at the surface and a work function of 4 eV. The average
high-gradient accelerating field suppresses large displacement thermal energy of emitted electrons is calculated to be 0.6 eV
of electrons from the beam axis and thus reduces the emittance for the same parameters. The emitting area is of the order of
growth due to aberration. The emission is typically 100 PLA 10 nm in radius when drawing 10 - 100 •tA. The normalized
per tip, while higher currents are generated by tightly-packed intrinsic emittance and source brightness are then of the order
arrays of the gated-emitters. The attainable normalized of 10 -" m rad and 1014.15 A/m 12 , respectively, though the
brightness is estimated to exceed 1013 A/m2'd 2 , and such details of the emission from a fine tip has not been clarified
beams have unique uses for extending the laser wavelength to yet [7]. For conventional microbeams, up to 1 mA can be
the X-ray region at moderate beam energies. emitted from a single tip but the current at a focal spot is

typically of the order of 10 nA. The reasons for this reduction
INTRODUCTION are: 1) the beam spreads out quickly due to the initial angle,

The free-electron laser (FEL) performance is remarkably 2) the diversion is enhanced by the space-charge and 3) the
affected by the characteristics of driving beams. The radiation beam is scraped by apertures placed in the lens system. The
wavelength is fundamentally limited by the beam emittance by aperture system is designed to minimize the focal spot size,
the relationship . _ ice, and the growth rate is an increasing discarding electrons with high angular divergence or electrons
function of the beam brightness. The requirements for good with high displacement. In order to increase the current of a
beam quality are especially stringent with compact FELs, that focused beam, therefore, one must keep the beam paraxial all
employ low-energy electron beams and short-period wigglers through the system that includes the source and accelerator.
[1,2]. The beam quality deteriorates with propagation, and The strategy is discussed in the next sectoin.
therefore the high source brightness is one of the key issues in
obtaining a bright beam. So far the major effort has been ACCELERATION OF A MICROBEAM FROM
directed to the development of photocathode combined with RF A GATED FIELD-EMITSSION TIP
linac, and brightness of 8 x 10"A/m2rad2 has been reached (3]. High-Cradienit Acceleration

With regard to current density, field emission is superior to The basic features of beam behavior are described by a
the photoemission by orders of magnitude. Due to their high paraxial envelope equation for the K-V distribution [8]
brightness, field emission tips have been commonly used in a Y'a' " +2I K 2
electron microscopy and electron-beam lithography. On the + + + a ..- n 0 (1)
other hand the microfabrication technology has been applied to 2y a T a3

produce a gated field-emitter tip structure with submicrometer where a is the beam radius, indicates the derivative with
dimensions. Techniques for fabricating arrays of such emitters respect to axial position z, p and 7 are conventional rela-
have also been established. Emission current densities of up tivistic notations, c is the speed of light, QL the relativistic
to 1 kA/cm' have been demonstrated on small area arrays. Larmor frequency, En the normalized emittance, and K = 21

Those microemitters have been developed to meet the / WV y 3 lo represents the space-charge of the beam current I in
requirements of vacuum microelectronics: cold emission, low terms of To = 17 kA. Equation (1) shows that the acceleration
voltage operation, high current density, small size, high- y' has a focusing effect on a diverging beam. This effect is
frequency response and uniformity of emission. Application specially important at the early stage of acceleratin where p is
of microemitters to FEL has recently been proposed [5,6] in small and the space-chage causes the main problem. With
the light of their advantages. conventional field-emitters the electric field is strong only on

0-7803-1203-1/93$03.00 0 1993 IEEE
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6cu•s Electrodei cathode has already been a practical option for enhancing the
• iato' brightness of microbeams in the submicroampere range [10].

. Gate In the presence of a strong accelerating field, much higher
currents can be confined by the axial magnetic field.

/ T\ \ , nsulato A field-emission tip is assumed to be located at z = o in a
I/ TipV. \\ magnetic field given by a vector potential

...... ................. ........................... ae.. Ae = r B o ( I - ) exp (- z /t b) -L B 1 (2)

Fig. 1. Microemitter with a focusing electrode. 2 2

where r is the radial variable. In Fig. 3a is shown the on-axis
and aroundthetip. In gated microemitters as shownvindFig. I, field B, for B, = 3 kG, B, = 1 kG and z, = 4 cm. The equations
a gate (grid) is located close to the tip and provides a boundary of motion, including the self-field term of uniform beam, were
beyond which an intense electric field can be present. In the solved for electrons leaving the tip of 10 nm radius under the
following we assume a uniform accelerating field (T" = 0) of following conditions at 100 eV energy: beam radius 500 nm,
up to 4 MV/in, which is practical even in d c mode. divergence 0.3 rad, and the spread in transverse energy 0.6 eV.

Formation of a nearly parallel beam is shown in Fig. 3b for a
Electrostatic Pre-Focusing at the Source 10 IAA beam and E = 4 MV/m (the electron energy is 400 keV

As proposed by Spindt [7], additon of a focusing electrode atz=1cm.WeinrsngheurntotOIJA te

to the emiter enables the formation of a parallel beam near the maximum radius becomes slightly lcuger than 0.1 m rm.

tip. Computer simulation has demonstrated that the radius and The initial value of the canonical angular momentum is

divergence angle at 1 keV energy can be as small as 3 9m and small because of smallness of the source. If the magnetic field

5 mrad, respectively, in the presence of an accelerating field of is not reversed as in Fig. 3a, the beam converges to a spot and
4 MV/m [9]. The phase plot is distorted due to the spherical crossover appears. The magnetic cusp was introduced to avoid
aberration of the lens, but the effective normalized emittance is this and produce a Brillouin-like flow. The emittance diagram
evaluated to be a few times 10•°m lad for a 10 9LA beam. computed at different axial positions did not show significant

After leaving the source the beam radius increases with distortions due to the spherical aberration.
axial distance. Solving eq. (1) numerically for T' = OL = 0,
we plot in Fig. 2 the beam radius at 10 keV vs the beam Emittance Preservation durigacceleration
current. The initial values (at 1 keV) of a and a' are 3 4Lm and The pre-focused beams are accelerated to higher energies by
5 mrad, respectively, and the axial electric field and normalized a uniform electric field. In Fig. 4 are plotted the radius and
emittance are the parameters. The focusing effect of the axial divergence angle as functions of axial position z. Here 10 AA
electric field is clearly seen. The six curves in each group me, and 100 i1A beams from the emitter with a focusing electrode
from the bottom to the top, foren -- 0 to 10b m rad at an are accelerated to 10 MeV. No lens is assumed outside the

interval oft2ox l0t mrad. Note that the beam radius is in- emitter, and so " and Q L are put to 0 in eq. (1). The effect
sensitive to both the emifrance and the beam current when of emittance on the beam dynamics is negligibly small. In

the accelerator the the emittance is preserved because the space

Magnetic Pre-Focusing near the Source 3

A magnetic field can be utilized, instead of the electrostatic 2
lens, to suppress the divargence of microbeams. An immersed

1.6 m / 0

0.8
2•MV/m."" 0.0 2.5 5.0 7.5 10.0

E 0.4 ZVM cm)
__ -_m1.0-0.2 .. 0.8

0.1 E0.6
0.84'

0.051 ______.4

106_ 105 10-4_Ib(A) 10O.0 7-'

b()0.0, 2. . 75 1.
Fig. 2. Beam radius at 10 keV vs current. Beams from 5 5.0 7.5 10.0

emitters with a focusing electrode and accelerated in uniform Fig. 3. Magnetic pre-focusing. (a) Magnetic field vs z.

electric field F1.. En -- 0, 2. 4, 6, 8, l0 x l0'° m rtd. (b) Radial position vs z in a 10 9tA beam. Ez = 4 MV/m.
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have been generated by ledatron [14] using a Fabry-Perot
0.5 - - b = 100 pA resonator as wiggler; an electron beam propagating through a
0.4 % a' (mrad) = 0gA closely arranged pair of a metallic diffraction grating and a

0. - 10 ratA reflector gives rise to stimulated emission. Generation of

0.. visible light has also been studied with this device. Another
0.3 - FEL has been proposed based on the Cherenckov emission of

0.2 - light by a beam passing through a waveguide loaded with a
dielectric pipe, whose inner radius is of the order of 1 4tm [151.

/. Generation of coherent X-rays due to crystal channeling of0.1 /

S--------_. . . electrons is also an attractive subject. It has been shown the-
0.0 i i i oretically that the necessary current density is - 105 A/cm2

0.0 0.5 1.0 1.5 2.0 2.5 when multiple Bragg reflections are effectively utilized for
z (m) radiation guiding [16]. A 10 MeV, 10 9A pulsedbeam with

Fig. 4. Beam radius and divergence vs axial position in normalized brightness - 1013 Aimt2 Md2 is supposed to yield
the accelerator. The beam energy is 10 MeV at z = 2.5 m. X-ray emission which is intense enough for practical use.

In this paper we have shown that diversion of a microbeam

charge is insignificant, the beam is very paraxial, and there is greatly reduced by applying a strong accelerating field in the
exists no lens to cause aberration. The beam is finally focused region directly connected to the source. The beam quality may
to a spot whose size is limited by the emittance [6, 8]. be significantly improved by increasing the (peak) electric field

to 1 100 MV/m as in RF linacs, and the microbeam will find
APPLICATION OF MICROBEAMS TO FEL wide application to FEL owing to their unique characteristics.

The beam parameters crucial to the FEL operation are peak
current and energy spread. Electron beams from microemitters REFERENCES
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the interaction between the beam and the co-moving radiation Proceedings No. 249, Physics of Particle Accelerators,
through the trapping of electrons into the pondermotive ed. M. Month aid M. Dienes (1992).
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Abstract
We discuss the use of a groove guide as the FEL interac- potential interaction with the beam, could propagate at the

tion structure for the ELFA experiment: the groove guide con- operating frequency of ELFA (100 GHz). Thus the use of
fines the 100 GHz radiation and controls the slippage, permit- such an oversized waveguide would lead to many problems re-
ting to investigate different FEL regimes. The groove guide is lated to the control of unwanted modes excited by the beam it-
a laterally open structure: it supports a single guided mode self and by any waveguide discontinuity. Moreover, the high
even if its dimensions are large compared with the wave- operating frequency and the huge number of high order modes
length, as required in the experiment to accommodate the would preclude the use of standard waveguide components
beam. Thus, differently from conventional oversized rectangu- (e.g. directional couplers, detectors, attenuators, loads, transi-
lar waveguides, the groove guide allows the beam to interact tions and so on) in the design of the microwave circuitry con-
with a single mode, simplifying the design of the structure. necting the FEL waveguide to the generator and to the output
The lateral openings ease the beam diagnostics as well, and diagnostics.
overcome pumping problems. To overcome these problems we considered a different guid-

ing system, the so called "groove-guide" (GG), which is a
1. INTRODUCTION typical low-loss transmission structure in the 3 mm band

ELFA [11 is a high gain FEL designed to operate in the [6,7,81. It is an open waveguide, consisting of two parallel

millimeter wavelength range (X = 3 mm). One of the main conducting planes (see Fig. 1), where two longitudinal

goal of ELFA is to study the different regimes of the FEL in- grooves permit to trap the electromagnetic energy. In general,
teraction, i.e. the steady-state (SS) and the superradiance (SR) the field inside the GG can be considered as the sum of some

[21. This is accomplished by controlling the slippage due to trapped modes, plus a continuous eigenfunction spectrum [91.
the different propagation velocities of the radiation and of the When the GG is suitably designed. only one mode remains
electron beam. Thus the structure that guides the radiation trapped in proximity of the grooves: this mode is suitable for

FEL interaction, since it has a field distribution that resem-along the beam path is one of the critical component of the be h EIpteni etnua aeud seFg )
expeimet. Arecanguar avegideopertin in he E01 bles the TEO01 pattern in a rectangular waveguide (see Fig. 2).experiment. A rectangular waveguide operating in the TEoI

mode is the solution considered in previous FEL experiments Differently from a rectangular waveguide, however, in a GG
[3,4,5]. The rectangular waveguide that could be used for the the beam interacts only locally with the fields associated with
ELFA experiment would have a width of 50 mm and a height the continuous eigenfunction spectrum, that in any case are

of 8.7 mm (SS regime) or 9 mm (SR regime). The width of excited by the waveguide discontinuities and by the beam it-

50 mm depends on the amplitude of the transverse motion of self. In fact, the electromagnetic energy associated with thesefields is radiated laterally, and thus it is effectively removed
the bunches and on the necessity of providing a suitable clear- frel beam reg For this reas whentdelngwitvth
ance for alignment purposes. These dimensions are very large eron/rai ion itratio inasonl the tripe mode
compared to X,, and about 300 modes, many of them having electron/radiation interaction in a GG. only the tr-..pped mode

can be considered, since its field is the only onc which gives

rise to a continuous interaction along the wholc structure.
The use of a GG in FEL experiments :-ppears very attrac-

tive also because the lateral openings make feasible a number
of sensing devices to be placed along the beam path to moni-
tor the beam/radiation interaction.

2. THE GROOVE GUIDE
Fig. 2 shows the geometry of a GG and the electric field

pattern of its dominant mode. The GG offers single-mode
propagation up to n spacing b of the order of some wave-
lengths, provided the depth d of the grooves is about b/4 and
their width a is of the order of b [101. Since the fields of the
dominant mode decay exponentially in the transverse direc-

Fig. 1
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YA conducting planes
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tion, the propagation properties of the GG do not depend on

the overall width w, provided it is sufficiently large. Thus the
dimension w of the structure is not critical, and a value of 2
about 6 times b is adequate 101. 0 5 1 " a " m

The group velocity can be adjusted by a suitable choice of 0 5 10 15 a Immi
the dimensions a, b and d of the GG. In particular, for given Fig. 4

dimensions a and d of the grooves, the spacing b affects were performed using the code PAGODA [I I I that gives prop-
mainly the group velocity. This fact suggests that it is agation constants and modal field of arbitrarily shaped wave-
possible to use the same structure to experiment both SS and guides.
SR regimes, provided the mechanical design allows one to From the modal field we calculated the coupling C of the
trim the spacing b. Moreover, the dimensions of the groove wiggling electrons with the propagating electric field, normal-
affect the amount of the confinement of the electromagnetic ized to the coupling in a reference rectangular waveguide:
energy. We can take advantage of this feature to increase the
density of the electromagnetic energy in the region spanned by
the beam and, consequently, the efficiency of the FEL inter- (EGG v w Vx),w
action. C R W R W VX)Zw

3. DIMENSIONING OF THE STRUCTURE

The actual dimensioning of the GG is performed with the where EGG and ERW are the (normalized) modal electric field

aim of increasing as much as possible the coupling between of the groove guide and of the rectangular waveguide respec-

the beam and the field, keeping the spacing b adequate to tively, v is the velocity of the electrons and the average is

allow the beam alignment. To this end we carried out many performed on the wiggler period A% (A.w = 10 cm for ELFA).
numerical tests on different structures, considering different When evaluating (1) it is possible to expand the electric fieldnumricl tstson iffren stuctres cosidrin difernt around the beam axis (x=0. y=0, see Fig. 2), and to truncate
values of the dimensions a and b, and adjusting the groove aon h emai xO =,seFg ) n otuct
valuesd of theadimensionsua andocitanduadjustingrthe groove. the expansion at the second order. It has been verified that this
depth d to obtain the group velocity suitable for SS regime.

The resulting values of d are plotted in Fig. 3 as a function of approximation is very accurate up to a distance x112 from the
the groove width a for values of the plane spacing b ranging beam axis where the field is 112 of its maximum value. The
thefgroove width 7mm(larr values of the pn esp g b ging p distance x112 is of the order of a12 and increases for increasingfrom 5 mm to 7 mm (larger values of b result in poor

confinement of the field, whereas 5 mm was considered to be b, as shown in Fig. 4: in any case it is comparable or larger

the minimum allowable plane separation). The calculations than the amplitude F of the wiggling motion of the electrons
(r= 3.18 rmm for ELFA). From (1) it is obtained:

. b=5mm E(OO+ YEx F2 aRW bRW
2 b=6mm [- ' ( d 2  "4 J 2 (2)

2.5- S•N b=7mm

where the derivative is evaluated at the beam axis and
0aRW = 50 mm, bRW = 8.7 mm are the dimensions of the

reference rectangular waveguide (see the Introduction). Fig. 5

1.5 reports the values of C as a function of the groove width a for
different values of the plane spacing b: in all the considered
cases C is greater than 1, i.e. the coupling in the GG is larger

1.0 than in the reference rectangular waveguide. Moreover, it is
noted that for each value of the spacing, it is possible to max-

0.5 aimize the coupling by choosing a suitable value of a. Since
the maximum values of C are only slightly different for the05 ;0 115 a [mml

Fig. 3
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C a b = 5 mm cordingly. In particular, the gain length, i.e. the e-folding

2 b = .j mm length of the exponential growth of the radiation power along
2.0- b=7mm the wiggler, is given by:

1.9 - Lgan -Lgain
47rp

1.8 ,Thus, the increase in the gain parameter p leads to a reduction

1.7 of the gain length by a rough factor of 30%, allowing for a
significantly shorter wiggler length required to saturate the
emitted radiation. Moreover, the emitted FEL power at satura-

1.6 tion is given by

1.5 -Pout P Pbearn
0 5 10 15 a [mml

Fig. 5 where Pbeamn is the electron beam power. Again, the increase
in p due to the coupling enhancement predicts an increase of

three curves, the largest spacing, more convenient to accom- the emitted FEL power of nearly 50%.
modate the beam, can be used. For these reason the dimen- Also considering these I-D scaling laws, the groove guide
sions of the GG best suited for ELFA are: a = 6 mm. appears to be a very promising interaction structure, having
b = 7 mm, d = 1.52 mm. superior characteristics with respect to the standard rectangular

In order to verify the sensitivity of the slippage to the di- waveguide used for previous FEL microwave experiments. A
mensional tolerances, some numerical evaluations have been more careful 3-D analysis of the FEL interaction in the
carried out, considering small variations of the above mei- groove guide is under way in order to verify these attractive
tioned values. Defining the normalized slippage parameter features of the use of this structure for microwave FEL experi-
Is/Lw as ments.

Is V2 - Vt
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Abstract - Blocks are inspected for defects, mechanical dimensions,
The first three undulators, each 4.6 m in length, for the magnetic imperfections and measured using an automated

Advanced Light Source (ALS) at Lawrence Berkeley Helmholtz coil system 151. Results show that the 4,582
Laboratory (LBL), are near completion and are undergoing U5.0 blocks have average easy axis magnetization of
qualification tests before installation into the storage ring. 1.1137 T (a = 0.0110 T) and average minor axis magneti-
Two devices have 5.0-cm period lengths, 89 periods, and zation components of 0.0031 T (a= 0.0044 T) and
achieve an effective field of 0.85 T at the 14 mm minimum 0.0011 T (aY 0.0043 T) [6].
magnetic gap. The other device has a period length of 8.0 cm,
55 periods, and an effective field of 1.2 T at the minimum
14 mm gap. Measurements on the first 5 cm period device
show the uncorrelated field errors to be 0.23%, which is less
than the required 0.25%. Measurements of gap control show
reproducibility of ± 5 microns or better. The first vacuum
chamber, 5.0 m long, is flat to within 0.53 mm over the 4.6 m
magnetic structure section and a 4 x 10-11 Torr pressure was
achieved during vacuum tests. Device description, fabrication,
and measurements are presented.

I. INTRODUCTION

The ALS, a third-generation synchrotron radiation source
is currently being commissioned at LBL. Concurrently, the
first ALS undulators are nearing completion, undergoing
qualification testing, and are to be installed soon in the low-
emittance 1.5 GeV storage ring to produce high brightness
beams in the UV to soft x-ray range. Two devices have 5.0-cm
period lengths (IDA-U5.0 and IDB-U5.0), and the third device
has an 8.0-cm period length (IDC-U8.0), which will produce
high brightness in the 50 to 1500 eV and 6 to 1000 eV ranges
respectively. The undulator specifications and design have
been reported elsewhere [1,2, and 3]; the first U5.0 Undulator Figure 1. U5.0 Undulator
near completion is shown in Figure 1.

II. MAGNETIC STRUCTURE

As seen in Figure 1, the magnetic structure includes two
large backing beams, each has five assembly sections and two
end pole structures attached. Six low-reluctance flux shunts
connect the two backing beams magnetically. A U5.0 assem-
bly section, Figure 2, consists of 35 half-period pole assem-
blies, each bolted to a pole mount.

The basic building block of the magnetic structure is the
half period pole assembly which consists of an aluminum
keeper, a Vanadium Permendur pole and six Nd-Fe-B magne-
tized blocks. Manufacture of these assemblies is as follows:
- Nd-Fe-B blocks are ordered with stringent specifications

which include Hc > 10400 Oe [4]. Figure 2. U5.0 Undulator Assembly Section
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- Blocks are sorted into the six-block arrays. The sorting al- Figure 1, include the support structure that provides the
gorithm, code INSORT, minimizes pole excitation errors, framework for holding the magnetic structure and the drive
reduces direct field effects at the electron beam, and gen- system that opens and closes the magnetic gap. Gap motion is
erates assembly diagrams showing where each block goes achieved with a stepper-motor/gear box/roller chain drive with
in each half-period pole assembly. coupled left-hand & right-hand 2 mm pitch Transrol roller

- The Vanadium Permendur poles are machined, heat treated screws attached to the upper and lower backing beams [ 13].
in a hydrogen furnace at 875 degrees C for four hours and Adjustment of the magnetic gap can be as fine as 5 gim
then finish machined. Each pole is pinned to its keeper through the use of offset keys in the roller screw shaft cou-
with four stainless pins. plings. Compensating springs match the gap dependent mag-

- The Nd-Fe-B blocks are positioned with a bonding fixture netic load to within 20%. Magnetic field taper can be provided
and bonded into the pole-keeper assembly with a room manually by stepping one of the main roller chain sprocket's
temperature curing epoxy (Technicol 8260/8261) [7]. teeth with respect to the chain in increments of
Assembly section fabrication utilizes a milling machine 87 jrm/sprocket tooth (AE/E = 0.96% at 1.4 cm gap).

and a pole assembly holding fixture to place and bolt the A Compumotor system, Indexer Model No. 500-Driver
half-period pole assemblies to the pole mount. To achieve the Model PKl30M-Absolute Rotary Encoder Model ARC, is
25 gim vertical and 50 lim longitudinal pole tip positional tol- used to drive and control the magnetic gap. This stepper motor
erances, the half-period pole assemblies are aligned using an and absolute rotary encoder system is designed such that each
automated coordinate measurement machine, statisti- motor step and encoder step corresponds to 0.067 gim and
cally-based error reference planes, and shimming techniques. 0.106 gtm motion of the gap respectively. The motor control

The aligned assembly sections are installed on the back- system also allows for velocity profiling during a move.
ing beams and aligned relative to each other using optical tool- Results of support, drive, and control system tests are given in
ing and laser interferometric techniques [8]. The longitudinal Table 1.
positions of the assembly sections are measured using a sim- Table 1.
pie linear interferometer and associated optics. Because of the Support/drive/control system test results
differential expansion coefficient between the aluminum as- Test Performance
sembly section and the steel backing beam, a bi-linear temper- Magnetic structure Gap parallelism within 5 g.m;
ature compensation function is applied to the position data to
predict periodicity errors at a pre-determined operating tem- alignment (upper-to-lower transverse within 250 jm;

perature which in general differs from measurement tempera- structure) longitudinal within 150 gtm
tures. Gap range 14 mm to 210 mm

The vertical alignment of the assembly section reference Gap opening-closing time I minute
planes, to within a 12 gim tolerance, is obtained by using an Reproducibility <± ±5 gim; ±20% for I jgm
angular interferometer, and performing an integrated angle steps
calculation on the data. Repeatability error for these measure- Backlash (encoder to gap) < 10 Jim
ments is typically less than 3 gim. Scan rate 3.33 mm/sec max.

The magnetic structure is terminated with end structures
that contain Nd-Fe-B rotor assemblies to null the undulator A gage block and a laser interferometer is used to cali-
dipole field. These rotors are driven through linkages from the brate the absolute encoder to the gap position. Figure 3 shows
backing beams and can be positioned to within 2 degree [9 the deviation from linearity with and without compensating
and 10]. springs (three hysteresis loops each). The backlash of the sys-

Each end structure is outfitted with a multiple trim mag- tem has gap dependence, and the character of the upper hys-
net cartridge that corrects higher order magnetic field errors in teresis curve is due to the compensating springs not exactly
the undulator. A cartridge contains up to nine transversely lo- canceling the force of the magnetic field. Nonlinearities are re-
cated permanent magnets (Nd-Fe-B) that are vertically ori- moved with calibration.
ented and adjustable to correct for both vertical and horizontal Each undulator is outfitted with a transparent enclosure
undulator field integral errors [ I l1. for safety, and for maintaining uniform temperature through-

The backing beams are of low carbon steel construction out the insertion device. Tests show that the gap sensitivity
and stress-relieved at 600-700 degrees C for four hours. The coefficient, due to a vertical temperature gradient in a backing
Ni-Fe flux shunts connecting the upper and lower backing beam, is 6 pim/0. I degree C and that the temperature gradient
beams reduce the effect of environmental magnetic fields on is eliminated when fans circulate air within the enclosure.
the undulator magnetic field [12].

IV. VACUUM SYSTEM
III. SUPPORT/DRIVE /CONTROL SYSTEMS

The 5.1 m long IDA-U5.0 commissioning vacuum cham-
A generic support/drive/control system is used for the ber, shown in Figure I, is machined from two 5083-H321

ALS undulators. The support and drive systems, shown in aluminum plates and welded together [14J. Pockets machined
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S. Marks, C. Cork, E. Hoyer, D. Humphries, B. Kincaid, D. Plate, A. Robb, R. Schlueter, C. Wang,
Lawrence Berkeley Laboratory, University of California,

1 Cyclotron Road, Berkeley, CA 94720 USA

W. Hassenzahl
Lawrence Livermore National Laboratory, University of California, Livermore, CA 94550 USA

A. Abstract middle section, and the contributions from each end. These

Allowable magnetic field errors for the 4.6 m long inser- data provide a prescription for nulling the first and second field
tion devices for the Advanced Light Source (ALS) are ex- integrals, which affect electron beam steering. A system of
tremely small and are driven by electron beam and radiation re- dual permanent magnet rotors is included in the end structure
quirements. Detailed measurements and adjustments of each for this purpose [3]. In addition to Hall probe measurements,
insertion device are performed to qualify them for installation full field integrals are also measured with a 5.5 m long inte-
in the ALS. To accomplish this, a high speed, precision mag- gral coil, which confirms integrated Hall probe data.
netic measurement facility has been designed and built. Hall
probe mapping equipment, capable of completing a 2500 II. MAGNET MEASUREMENT FACILITY
sample, 6 m scan with precision axial position monitoring us- B. Hall Probe Measurement System - Mechanical
ing a laser interferometer in under one minute, is used to ob-
tain both local and integrated field information. A 5.5 m long, Figure 1 is a photograph of the "Luge", a custom built1 cm wide coil is used to measure the field integral through an stage which translates axially (z) through the gap of an ID.
entmwire coiinsertion ede . ths paprer descibes mgntegltih ma- Probes are mounted to a light weight plastic platform on thee ntire in sertio n d e v ice . T h is p ap er describ es m ag netic m ea- L g .H r z n a x n e t c l ( ) p o e p s t o a e v r
surement equipment, and results of measurements on IDA, the Luge. Horizontal (x) and vertical (y) probe position can be var-
first of the ALS insertion devices. ied, via micro-stepping motors which move the support plat-

form. Support for the Luge is provided by a rail on the one
I. INTRODUCTION side of the gap and a pneumatic cylinder on the other. The

The ALS is a third generation synchrotron light source cylinder and rail are mounted directly to the ID support struc-

designed to produce XUV radiation of unprecedented bright- ture. The pneumatic cylinder provides the mechanism for axial

ness. To meet the high brightness goal, the storage ring has translation.

been designed for very small electron beam emittance, and the
insertion devices (IDs) must be built to a high degree of preci-
sion. The allowable magnetic field errors are driven by both
electron beam and radiation requirements. Detailed magnetic
measurements and mechanical adjustments of each ID are per-
formed to qualify it for installation in the ALS. The paper b)
E. Hoyer [ I ] et al., describes the first three ALS IDs.

The influence of an ID's magnetic field errors on ALS per-
formance is separated into those that affect spectral brightness
of the radiation and those that affect dynamics and life-time of
the electron beam. Magnetic field data, consisting of both lo-
cal field and integral field information, is analyzed to assess
these affects. Degradation in spectral brightness is influenced
both by systematic and random variations from an ideal peri-
odic field. C. Wang, et al.[21 examines the relationship be-
tween magnetic errors and spectral performance. The primary
influence on the electron beam is due to errors in the integrated Figure 1. Photograph of "Luge."
magnetic field. Accurate axial position monitoring of the Luge is accom-
Primary magnetic field data is derived from Hall probe plished with a resolution of I gm using a dual beam laser in-
measurements. This data allows examination of both local and terferometer system. Two retro-reflectors mounted to the Luge
integral field characteristics. In addition, a field integral can be provide interferometer beam targets. They are mounted over
separated into the contribution due to errors in the periodic the pneumatic cylinder and over the track and correspond to

interferometer channels I and 2, respectively.
*This work was supported by the Director, Office of Energy C Electronics
Research, Office of Basic Energy Sciences, Material
SciencesDivision of the U.S. Department of Energy under Design of the instrumentation system is based upon use
Contract No. DE-AC03-76SF00098. of a dedicated subsystem for real-time instrument control along
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with a separate workstation for measurement coordination and vides a user interface and facilities for data reductior and stor-
data reduction and storage. The computer and electronics used age.
for instrument control and data acquisition are schematically il- The DVMs, laser interferometer, and Hall probes are con-
lustrated in Figure 2. trolled via GPIB. Communication between the MVME-147S

VME Crate and the Sun IPC occurs via an Ethernet interface.
[ Pnurnaic •I/0Digital

/0o D. Data Acquisition Software

Coordination between the real-time subsystem and the
workstation is based upon a client/server model. Software run-

Luqe Motor Motor ning on the workstation provides basic coordination of r~ea-
Drivers Indexer surements; this software acts as a client which requests service

from the real-time instrument control software running on the
GPIB Bus VME crate. Communication between the subsystems is pro-

- GPIB vided by the Sun remote procedure call (RPC) mechanism.
"-Controller There is a close correspondence between software modules

H DTMs 1 D-VM of the real-time subsystem and hardware components within
the electronics rack. Software modules Dvm, Dtm, and Laser
control the DVMs, DTMs, and laser inteierometer, respec-

I a s;e r tively. Each software module communicates with its respec-Inter Lser Timer/

ferometer Interface Counter tive instrument via a GPIB bus interface. Communication is
handled by Mv300, which controls the MVME-300 GPIB
interface board. Software modules Mv2534 and Mv44 control

Operator Ethernet Real-Time the VMIVME-2534 digital I/O board and the VME-44 motor
Workstation CPU indexer, respectively. Mv2534 and Mv44 are interfaced to the

Stage module which controls probe position and axial

Figure 2. Block diagram of instrumentation, translation of the Luge. The device handler Mpv991 provides
services for access and control of the parallel counter channels

The electronics rack contains various instruments and a and the interrunt controller of the MPV991 timer/counter
real-time subsystem for fast data collection and instrument board. The Counter module configures Mpv991 specifically
control. The equipment includes a VME crate, two Hewlett for the field map measurements.
Packard 3458A digital voltmeters (DVMs), two Compumotor Scansvc is the top level server task on the real-time sub-
LN-Series micro-stepper motor drivers, an LBL-designed opto- system, providing remote procedure call service to client tasks.
isolator interface chassis, a ZYGO Axiom 2/20 laser interfer- Scan svc is spawned during system initialization and listens
ometer system, and two Group 3 DTM-141-DG digital tesla to the network for service requests. Scan_cInt is the client in-
meters (DTMs). The VME crate includes a Motorola- 147S real terface module. It resides on the operator workstation as a sub-
time central processing unit (CPU), a Burr Brown MPV991 routine library that coordinates network connections, RPC ac-
timer/counter module, a Motorola MVME-300 GPIB instru- cess, and disconnection to the server module. IDscan runs on
ment bus controller, an Oregon Microsystems VME-44 four the operator workstation and provides basic coordination of a
channel stepper motor indexer, and a VMIC VMIVME-2534 field scan. A set of additional utility routines also exist for
digital input/output module. An LBL-designed electronics single value DVMread (readDVM), single value DTM read
chassis interfaces the timer/counter module with the laser in- (readDTM), Luge motion control (horneXY, moveX, moveY,
terferometer and DVMs. and launchZ), and ID yap control (initGap and moveGap).

The MVME-147S provides real-time data collection and Each utility routine calls Scan_clnt for access to the device
instrument control. DVMs sample Hall probe analog output control subroutines. A Unix script routine, multiScans, is a

voltages, corresponding to By and Bx, and store the data in user interface which provides a mechanism for the definition
internal memory. Sampling occurs when triggers are received and automated control of a set of field scans.
from the timer/counter module, which processes output data
from channel I of the laser interferometer. The laser interfer- E. Data Reduction Software
ometer is set to provide pulses, in A-quad-B format, at I gam
scan increments. The timer/counter provides triggers at A raw data file consists of a header including measurement
0.1 mm increments. The timer/counter module also measures parameter settings and the following values for each data sam-
the time interval between samples and the motion increment ple: Hall probe voltage, interferometer channel I counts, in-
of interferometer channel 2. This allows for correction of mea- terferometer channel 2 counts, and time interval between
surement position. samples. Program Convert creates a first level reduced data

The operator workstation includes a Sun IPC workstation file consisting of (z B ) pairs for each data sample. Input for
and an non-interruptable power supply. The workstation pro- Convert consists of a HaWl probe conversion table file and a

raw data file. A Hall probe conversion table consists of corre-
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sponding values of output voltage and magnetic field. The B y Note that the agreement between the two methods of integral

value is calculated by linear interpolation of the conversion measurement is quite good. The graph also illustrates the level

table. Note that the conversion table is preprocessed using a of uniformity that was achieved in JBy-dz as a function of x;

spline routine to create a dense mesh of voltage-magnetic field nonuniformity in this function affects electron beam dynam-

pairs; this allows an efficient and accurate conversion. ics.

The axial position z is calculated from interferometer low WE ,___ ,_____

count and timer information according to the following equa- l mi God -

tio n . .o .... .... .. . _...-.....

n i (X I -X) + n2 (X2 -x)
+ v'/2 6o .. ...

X + X2

where n I and n2 are counts from interferometer chan- 400 -

nels I and 2, respectively, x is the horizontal probe position

relative to a horizontal datum, XI and X2 are the horizontal .

distances between retro-reflectors I and 2, respectively, and the. ..-
0

horizontal datum, v is the probe velocity, and Tr is the DVM

integration time.
Higher level data reduction is performed on the converted

file using a set of utilities included in program analyze [4]. -

This program includes utilities for spline fit of a data set, cal- 30 -20 10 0 10

culation of deviation from an ideal periodic field, Fourier trans-

form of data, and calculation of the optical phase and radiation Figure 4. JBy.dz as a function of x.

spectrum.
spectrum.S V. CONCLUSIONS
IV. RESULTS

The insertion device magnetic measurement system de-
Figure 3 shows a Fourier transform of a magnetic field scribed in this paper has proven to be very efficient and reli-

scan from IDA. The large spectral peaks at odd harmonic able. The mechanisms for rapid compilation and analysis of

numbers is characteristic of the periodic magnetic field of an data has allowed for an extensive characterization of ALS in-

insertion device. This figure also illustrates the signal to noise sertion devices. To date, over 2 GB of magnetic scan data have

level achieved in the measurement system. The background been collected, and the luge has logged over 25 km of travel.

spectrum at the right side of the graph indicates the level of

random measurement noise. Note that this is at a level of less

than Ix 10-5 relative to the first harmonic. In other words, the VI. REFERENCES
measured value of peak fields is Ix 1005 times larger than the
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Figure 3. Fourier transform of By scan.

Figure 4 shows the results of a series of measurements of

JBy.dz at different x locations within the range ±30 mm and

at 14 mm and 23 mm ID gaps. Integrals are shown both for

integrated Hall probe scans and integral coil measurements.

1577



Spectral Quality of ALS U5.0 Undulator and Field Error Effects

C. Wang, S. Marks and B. Kincaid

Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

Abstract magnetic field analysis are done with a program ANALYZE
The first insertion device of the Advanced Light Source [6].

(ALS), a U5.0 undulator, has been carefully adjusted and II. SPECTRAL QUALITY OF U5.0
qualified with a specially designed magnetic measurement UNDULATOR
system. The magnetic field of the undulator has been fully
mapped at a series of gaps with very high accuracy. Based The U5.0 undulator has 89 periods of 5 cm each. It is de-
upon these measured field data, we evaluate the radiation signed to produce high brightness radiation from 50 eV to
spectral quality of this device in terms of an ideal sinusoidal 1.9 keV [3] by using up to the 5th harmonic. From
device and examine the field error effects. Moreover, the B. Kincaid's theory [7] about random field error effects in
statistical correlation between the field errors and radiation undulators we know that, in the small error limit, for an N
degradation is examined by using the large quantity of period undulator with relative rms random field error a, the
magnetic field data sets accumulated in the process of nth harmonic peak flux density is degraded by a factor of
adjusting and qualifying the U5.0 undulator. e -30q , where

I. INTRODUCTION K2
q= n' N[ l+22(1

In order to obtain high brightness photon sources, a low L
emittance storage ring and long insertion devices have been Since the factor decreases exponentially with n2 N for a
implemented at the ALS. However, it is well known that the given ar, it applies a stringent requirement on the magnetic
magnet field errors tend to degrade the performance of an in- field errors in order to keep the peak flux density decrease
sertion device. To achieve the high performance required, state within 30% at the 5th harmonic for such a long undulator. The
of the art technology is employed to build the insertion devices field errors specification for U5.0 is a<Q25%.
and the magnetic measurement system. The first insertion de- To accomplish this, special effort was put into design and
vice being installed at ALS is the U5.0 undulator [1]. Before construction of the device [lI. A specially designed magnetic
installation, it was carefully adjusted and qualified based upon measurement system was used to adjust and qualify the device
magnetic measurements [2] as well as radiation calculations after its assembly. Full maps of the magnetic field at a series
using the measured field data. In this report, we present some gaps and off-axis positions were obtained with measurement
results that demonstrate the quality of the U5.0 radiation spec- accuracy of 0.5 Gauss [2]. Such field measurement allows us
trum. Instead of showing the general performance of U5.0, to examine the quality of the device in terms of spectral
which is available in earlier publications [3], we pick up a few performance and storage ring requirements. Here we show the
representative cases and present a detailed spectral spectral quality of U5.0 by calculating the on-axis flux density,
comparison between an ideal sinusoidal field and the central brightness and flux accepted within a certain solid an-
measured real device. gle using real measured field data and comparing results with

In the process of adjusting and qualifying the U5.0 undu- those from an ideal sinusoidal field.
lator, a large number of magnetic field data sets have been ac- 1. 4e+17

cumulated. This collection of data consists of a statistical as- <,€"2\:\:
sembly that represents real devices with different field errors. . -eideal

It is interesting to examine the correlation between spectral leiea

quality and field errors. This is the first time that such a real o
measured data set assembly is available. We will show the ? 8e+16

statistical correlation between the field errors and radiation -
degradation and compare it with earlier computer simulation • real
studies. [4]

To examine the magnetic field error effects on spectral "--"emi-tance
0quality, all spectrum properties are calculated using the mea- C 2e+16

sured field data, and then normalized by the values calculated
using the ideal field, which consists of a sinusoidal field and °47 47.2 47.4 47.6 47.8 48 48.2 48.4 48.6 48.8 49

one half peak pole at each end. The radiation spectral Photon energy in eV
calculations are done with program RADID, whose undulator Figure 1. On-axis flux density at 14 mm gap, 1st harmonic.
radiation calculation algorithm is based on Ref. 5. The
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Figure 1 shows the on-axis flux density of the first har- such a method is very important in practical design of
monic at the minimum vertical magnet gap, 14 mm. The three insertion devices.
curves corresponding respectively to the ideal field, measured It is well known that one figure of merit for a synchrotron
field and measured field with ALS emittance included. The radiation source is its central brightness. The field errors may
well known red-shift of peak position and the reduction of affect brightness in two ways. One is through the degradation
peak value are clearly seen, but their effects on spectral quality of the angular distribution (shape as well as peak value) of
are negligible. In this case, a=0.25%. The real spectra are single electron flux density. The other is through enlargement
calculated at 69 g.trad off axis. A linear least square fit of the of the source size due to random trajectory walks. However,
trajectory is used to obtain the off-axis angle. The trajectory the second one is negligible because the electron beam size is
angle is due to a dipole kick at the end of the device and much larger than the amplitude of the single electron orbit,
random electron trajectory walks. even with the random walks. When considering brightness,

Figure 2 is similar to Figure 1 but shows the 5th harmonic electron beam emittance must be taken into account. To eval-
at a medium gap, 23 mm. The off-axis angle is 18.8 l.rad in uate the field error influence on brightness, we calculate the
this case. The field error and emittance effects on flux density ALS emittance averaged flux densities using the measured
are significant. Though the relative rms field errors is slightly field and ideal field. The ratios of corresponding peaks indi-
larger(0.33%) than the above, the decrease in peak value is cate the field error effect on source brightness because the
much larger due to the higher harmonic number. The emit- electron beam size effects on both cases are the same. In Table
tance effect is also much bigger due to the higher photon en- 2, we list the peak ratios for two typical gaps, 14 mm and
ergy. However, the peak shape is still quite good and the peak 23 mm.
value satisfies the 70% requirement.

6e+17 Table 2. Normalized peak brightness.

Ist 3rd 5th

5e+17 4--ideal 14 mm 98% 88% 75%

4e:17 23 mm 91% 83% 70%

S3e+17 real-.-/ " " A Monte Carlo simulation is used to take into account the
beam emittance. The accuracy of these calculations is about

I2e+17 real &5%. Comparing Tables l and 2 we see that the field error ef-
Semittance . \ fects on the on-axis flux density and brightness are nearly the
0
.0 le+17 same. This is an expected result because the field errors do not

649 " change the distribution pattern very much, although the peak0 .••:.--: :.•:: . .. , .. :. ...... z value is decreased.
649 650 651 652 653 654 655 656

Photon energy in eV Another figure of merit of a photon source is the flux ob-
Figure 2. On-axis flux density at 23 mm gap, 5th harmonic. tainable in a certain solid angle. Usually, the solid angle for an

undulator is the central radiation cone. In Table 3, we show the

To get a more general picture of the field error effects on total flux in a 90 x 90 mrad2 and 180 x 180 mrad2 acceptance

the spectral quality, in Table 1, we list the ratios of the real angle for the 23 mm gap case. 90 mrad is about the angular
peak flux density to the ideal one for a series of gaps and dif- width of the central cone at first harmonic. Because the main
ferent harmonics. For reference, the relative rms field errors effect of field errors is to destroy the constructive interference

and the deflection parameter K at each gap are also listed, in an undulator, it has much less effect on the angular inte-
grated flux. The larger the acceptance aperture, the less the

Table i. Normalized peak flux densities. field error effect.

14 mm 18 mm 23 mm 35 mm 47 mm
Table 3. Normalized flux in different solid angle.

I st 98% 95% 93% 92% 93% 1 st 3rd 5th

3rd 90% 87% 85% 84% 87% 90 grad 89% 79% 76%

5th 76% 70% 69% 69% 71% 180 grad 96% 99% 93%

S0.25% 0.30% 0.33% 0.41% 0.63%

K 3.974 3.008 2.132 0.973 0.453 III. CORRELATION OF FIELD ERRORS AND
SPECTRAL QUALITY

This table confirms that the spectral quality of this device
is quite good at all gaps and meets the design specification. No In the above section, we have evaluated the spectral
satisfactory method is available to estimate this table from quality of the U5 undulator for several on-axis cases which
device parameters and field error characteristics, although represent the operating regime of the U5. Besides these on-

axis cases, many off-axis field scans were also measured in
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order to characterize the integrated field error distributions. All between the field error characteristics and the spectral
of these field sets can be viewed as an assembly of real performance obtained from different field data sets of U5.0 are
devices with different field errors. These errors are dominated not as good as former computer simulation results, which
by random errors due to magnetic blocks and manufacturing assume random errors only.
tolerance. However, there may also be significant systematic
errors, especially for off-axis scans. 1

Because of the random distribution feature of field errors, '

only statistical characteristics such as rms value can be used to .C 0.8
specify the random field errors. For a specific realization of an .

error distribution, we can examine its effect on the spectrum as X
above. However, the general effect of errors on the spectrum 0.6

can be described only by statistical correlation, which has been "
studied analytically by B. Kincaid [5] and with a computer •' 0.4

V
simulation by B. L. Bobbs, et al. [4]. Here we use the mea- "o

sured data set assembly to examine the correlation between -
field errors and spectral peak flux densities normalized by cor- 0.

0
responding ideal values. Z

Usually, two characteristic values are used to specify field 0
0 0.05 0.1 0.15 0.2 0.25 0.3

errors. One is the relative rms field error; the other is the rms RMS phase error in 2a
optical phase error. As pointed out by Bobbs et al. [4], the rms
phase error is a better indicator of the device radiation perfor- Figure 4. Correlation with RMS phase errors.
mance.
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IV. CONCLUSIONS

The spectral quality of the ALS U5.0 undulator is quite
good and satisfies the design requirements of achieving better
than 70% brightness at the 5th harmonic. The correlations
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Abstract The geometry shown, in conjunction with the described
The end structures for the ALS U5.0 undulators utilize a boundary conditions, gives calculated fields which are

system of dual permanent magnet rotors intended to establish equivalent to those of a complete upper and lower, 26 pole, 2-
gap independent field performance. They may also be used for D device.
tuning of the first and second magnetic field integrals of these
devices. The behavior of these structures has been studied by
means of two dimensional modeling with the POISSON Group
of computer codes. A parametric study of the magnetic field
distribution and first and second integrals of the fields has been
conducted. In parallel, magnetic measurements of the final
completed structures have been performed using an automated
Hall probe measurement system. Results of the modeling and
measurements are compared. Implications for tuning of the
ends of the devices within the context of the electron beam
parameters of the ALS are discussed.

I. INTRODUCTION

The first two U5.0 undulators for the Advanced Light
Source (ALS) [1] are hybrid permanent magnet structures
which have mirror symmetric end structures. The engineering
design of these end structures was based upon a truncation
theory [21 which indicated a means of compact termination of Figure 1: 2-D PANDIRA Model
the structure and minimization of 1st and 2nd field integral III. CALCULATED FIELDS
effects on the electron beam of the ALS.

II. 2-D NUMERICAL MODEL PANDIRA a member of the POISSON Group [3] of
computer codes, was used to solve this model. PANDIRA is

To model the U5.0 end structures, a 2-D numerical non- able to model 'analytic' anisotropic material with arbitrary

linear magnetostatic problem was constructed. Figure 1 orientations via simple B-H intercepts and easy axis orientation

illustrates the geometry of the model and the vector potential angles. This is particularly helpful in this application since it

solution (field lines) for a particular case. The upper half of allows rotor orientation to be varied by changing a single

the last three periods of the magnetic structure are included in number in the input parameter list.
The permanent magnet material used for these devices is

the model. The left boundary condition is Dirichlet (A = 0) Nd-Fe-B. This material was modeled using a linear B-H curve

while the remaining three are Neumann (VA ,h = 0). The with intercepts of Br = I1000 G and Hc = -10700 Oe. The pole

upper and right boundaries are remote and not shown in the material is vanadium permendur and was modeled using a non-
figure. A magnetic shunt is shown attached to pole 0 at the far linear B-H curve.
right. This shunt is connected to the upper Neumann PANDIRA solves Poisson's equation directly for the
boundary and provides a flux return path through an implied vector potential ( A ) on an irregular triangular mesh. The mesh
infinite permeability region formed by the upper and right for this model contains approximately 15000 intersection
Neumann boundaries. points with high density in the regions of interest, e.g. the gap.

The eight regions with orientation arrows represent the The code then applies a differentiated interpolating polynomial
Nd-Fe-B permanent magnet material which energizes the to the nodes of the problem to calculate the B fields. Thus we
structure. The six rectangular regions are fixed material while have B and - §dz immediately from PANDIRA.
the two octagonal regions represent elements that can be
rotated. Seven pole regions are shown with the far left pole To further extract information from the model, the
split at the Dirichlet boundary symmetry plane. calculated BY and vector potential information was transferred

to a graphical spreadsheet. The 2nd integral of B, on the mid
plane was then calculated and a 'progressive integral signature'

*This work was supported by the Director, Office of Energy was generated which is shown in figure 2.
Research, Office of Basic Energy Sciences, Materials Sciences On this graph, z=0 cm is the left Dirichlet boundary of the
Division of the U.S. Department of Energy, under Contract PANDIRA model. The seventh and last pole (pole 0) is at z=
No. DE-AC03-76SF00098. 15 cm. The solid line on the graph is B, calculated on the mid
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plane of the device. The line shown in long dashes is the first approximately 900 G-cm occurs in the integral of BY as the gap
integral of B ' i.e. the vector potential. approaches 14 mm.

The line shown in short dashes is the second integral of B, 0

which defines a path proportional to the trajectory (rotated 90 1000
deg) of a particle traveling through the mid plane field. The GOOD0
portion of this path from z=0O to z=2.5 cm of this trajectory 400000

indicates the relative amplitude of the transverse particle 20000 \ //*
oscillation through the periodic section of the device. The a 00

deviation of the remaining part of the trajectory can thus be "a
compared to this oscillation amplitude to see the significance -4000 -400

of tuning effects in the model. -000- / -6000
-80000 -t00

100 10000 -1000

6000 Z (Im

_ 4000 ; AI -- - y(PAIND (" n~(.
2000

a -,'~

-2000 ,.Figure 3: Calculated vs Measured B,h
42000 * Pl

-8000, The 2-D model manifests no such increase, even when the
10000 gap of the model is closed to 10 mm. The model shows a

'- a maximum variation over this gap range of only 100 G-cm. This
___________behavior was not predicted by the original theory and initial

By_ IG)(~0 - - -9 conjecture is that it is likely to be related to a 3-dimensional
effect which occurs at small gaps.

Figure 2: Progressive Integral Signature InrsdDiok IDA.. *1 45 ft .210d

If we examine the first integral curve in this graph we see
that it takes on a positive constant value for z>15 cm (where..................-.....
B -=0). This implies a net integrated steering field produced 0

within this end configuration. Correspondingly, we see the
effect on the trajectory curve as it diverges linearly from the
z= 15 cm point on the graph.

IV. COMPARISION TO MEASUREMENTS 2

100

In parallel with the construction of the U5.0 undulators, a
state-of-the-art automated magnetic measurement system [4]
was developed to measure and characterize the devices. ThisLE
system is able to perform high precision field mapping using 10 2 0 4 o W 7 0 [

Hall probes. The measurement data are processed using spline Bai

interpolation to generate a smooth function which is evaluated
at 6000 points. Figure 4: Measured Integrated Dipole

To compare the model results with the measured results,
the ends of the data sets were extracted and re-interpolated to V. ROTOR EFFECTS
produce field values at the exact locations of the calculated
values for the 2-D PANDIRA model. The primary effect of the rotors is to vary the scalar

Figure 3 shows a comparison of the calculated By fields potential of the adjacent poles and thus to effect a change in the
from the 2-D model and those measured in the actual device, field distribution at the mid plane. Maximum effect is obtained
The 2-D model was originally scaled to produce a B0, value of for rotors oriented horizontally at approximately 0 or 180
.87 tesla. For this comparison the 2-D fields were scaled to degrees. The field integral at the mid plane is non-zero for
give exact equivalence to the measured B 0 (.9 tesla) at z=0O cm.' rotor orientation combinations which cause unequal pole
This gives a picture of the divergence of the two results potential sums above and below the midplane.
moving through the end region of the magnetic structure. As The undulator magnetic structures for these devices are
shown in the graph, the agreement between the two results is surrounded on three sides by steel backing beams which act to
good with a discrepancy of only a few percent near the last two shield the overall structure from ambient fields. Flux shunts
poles of the end structure. connect the last pole at each end of each magnetic structure to

The most significant disagreement between the model and the backing beam ends. The upper and lower backing beams
the real device occurs in the gap dependency of the integrated are magnetically connected via hinged yokes which allow a
dipole from the ends. Figure 4 shows measured results for the low reluctance path to be maintained during opening and
integrated dipole as a function of gap. A large increase of closing of the magnet gap. In the 2-D model, these backing
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beams and return yokes are represented by the upper and right and a difference contour was obtained. This is shown in Figure
hand Neumann boundary. A complete flux return path is thus 6 and indicates relatively good qualitative agreement between
established from the upper magnetic structure to the lower the two cases with a standard deviation of the error of
magnetic structure to carry any unbalanced error flux or approximately 44 G-cm or less than 5% of the peak measured
induced flux from the rotors which crosses the air gap between rotor effect on f Bydz.
the poles.

In addition to the primary rotor induced flux carried a E.i n Error i Wal By- PANDIRA v, Moemd
through the shunts, there is a secondary induced flux effect
from direct magnetic linkage of the poles to the backing beam
through the air. This effect is maximum for approximately
vertical (90 and 270 degree) rotor orientations.

This combination of primary and secondary effects leads
to an analytic characterization of the rotors in terms of their 2o0-0 1160
orientation angles and the resulting net end steering effect or 150 U too 5

integral of By at the mid plane. 1 s.
Letting a, be the orientation of the inner or left rotor as 0- No-so

shown in figure I and aC2 be the orientation of the outer or right 0- 0 12 -s0-0

rotor then Is where Is =f Bydz can be expressed as follows: .150- -100-50

360 N .150*t00

270 U-200--ISOco +c1 cos(a )+c 2 sin(a,)0s(!) = c 0+9 .) (+,2.t)

+c3 cos(a 2 ) + c4 sin(a 2 ) S

The c,, are obtained in each case by calculating or
measuring the integral of B, for multiple rotor orientations and Figure 6: Rotor Effect Difference Contour, 2-D vs Measured
performing a simple matrix calculation. VI. CONCLUSIONS

Figure 5 is a graphical representation of this function
evaluated for the 2-D model case. This graph shows that the In spite of certain areas of disagreement, 2-D modeling
outer rotor has approximately twice the effect of the inner has proven to be a useful and cost effective tool for the
rotor. Also shown is a slight asymmetry along both the ot, and understanding and design of the complex end structures of the

axes resulting from the sine terms in equation (1) above. U5.0 undulators. It has yielded good qualitative agreement
with the actual measured devices in most areas. It has also
pointed to subtle behaviors which were not predicted by the
original theory. We plan to utilize this modeling technique to
refine the end designs of future insertion devices for the ALS.2000-
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Figure 5: Rotor Effect on J Bydz for 2-D Case

The corresponding function was calculated for the
measured case which yielded a similar contour but with an
amplitude approximately .6 times that of the 2-D model. This
discrepancy is attributable to some combination of inaccurate
modeling of the flux return path through the backing beam and,
to a lesser degree, errors in the 2-D equivalent rotor volume in
the PANDIRA model.

To make a meaningful comparison of the two functions,
they were both zero shifted by averaging. The 2-D contour was
then normalized to peak amplitude of the measured contour
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FLUX SHUNTS FOR UNDULATORS

E. Hoyer, J. Chin
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Abstract pendages, and because of the low-field levels. Reducing field
Undulators for high-performance applications in syn- levels to sub-gauss levels requires special magnetic materials

chrotron-radiation sources and periodic magnetic structures with low coercivity and very high permeability at low field,
for free-electron lasers have stringent requirements on the e.g., high nickel alloys.
curvature of the electron's average trajectory. Undulators using In this paper we describe a new method, the Flux Shunt,
the permanent magnet hybrid configuration often have fields for reducing the dc component of magnetic fields in undula-
in their central region that produce a curved trajectory caused tors and other types of magnetic structures that use support
by local, ambient magnetic fields such as those of the earth, members made of a soft magnetic material. The approach is
The 4.6 m long Advanced Light Source (ALS) undulators use straightforward, a magnetic coupling is made between the top
flux shunts to reduce this effect. These flux shunts are and bottom support structures. This connection reduces the
magnetic linkages of very high permeability material connect- scalar potential difference between the two structures. The
ing the two steel beams that support the magnetic structures. flux shunt forming this coupling must be made of a material
The shunts reduce the scalar potential difference between the with a very high permeability at low fields, have a low coer-
supporting beams and carry substantial flux that would nor- civity, and a low residual field in the operational state. The
mally appear in the undulator gap. Magnetic design, mechani- advantages of this technique are that it can be passive, with no
cal configuration of the flux shunts and magnetic measure- need for a power supply, and the method is effectively inde-
ments of their effect on the ALS undulators are described. pendent of the source of external field. The application of flux

shunts to the 4.6 m long ALS undulators, Figure 1, is de-
I. INTRODUCTION scribed below.

Periodic magnetic structures for undulators and free elec-
tron lasers have stringent requirements on the average mag-
netic field. The average dc field should be very small so that
the long-range deflection of a beam is insignificant compared
to the amplitude of the oscillatory motion caused by the peri-
odic magnetic field. If a larger dc field is present over the
central region, the curved trajectory may become greater than
the amplitude of the oscillations associated with the periodic
magnetic structure; this may be unacceptable in many appli-
cations. Possible sources of the dc field component are the
earth's magnetic field, other environmental fields, and im-
proper device design. Methods available to reduce this dc
component include active coils that buck the dc field, external
ferromagnetic shielding and flux shunts.

Active coils mounted around, or adjacent to, the magnetic
structure must be powered by an external power supply, and
energized with a current that depends on the magnetic gap of
the insertion device and its physical orientation and location in Figure 1. U5.0 Undulator support structure with flux shunts.
the local environmental magnetic field. Significant tempera-
ture variations may result from coil heating. Excessive heat
can cause mechanical distortions, variation of the magnetiza- II. FLUX SHUNT MAGNETIC DESIGN
tion of the permanent magnet materials, and, if an excessive
temperature excursion occurs, permanent damage to perma- One objective in undulator design is to achieve as low an
nent magnet material. Cooling is probably necessary for active average dc magnetic field as possible in the region of the
coils. electron beam. Maintaining the upper and lower structures at

Providing external magnetic shielding for the entire de- the same scalar potentials requires that they be magnetically
vice is rather complicated because of its physical size and ap- shorted together by a low reluctance material, a flux shunt.

0-7803-1203-1/93$03.00 0 1993 IEEE 1584



However, assembly tolerances and finite permeabilities limit scalar potential drop is 0.65 G cm for the Ni-Fe and 0.30 G cm
the minimum achievable scalar potential difference, for the air gaps for a total of 0.95 G cm, which is less than the
Requirements for the flux shunt design and performance are allowable 1.25 G cm limit.
based on the allowable vertical magnetic field integral, which
is 100 G cm in the 4.6 m long ALS undulators [Il . Half of this III. DESIGN AND CONSTRUCTION
tolerance is budgeted to environmental field effects that can be
controlled by the flux shunt. An average dc field of 0.11 G is The design requirements for the flux shunts include an
thus allowed. Because the fields are roughly sinusoidal, the undulator gap change of 20.2 cm, no effect on the precision
maxima under the poles is about 0.17 G. This field corre- motion of the magnetic structures and meet the reluctance goal
sponds to a pole scalar potential of 0.121 G cm with respect to of the design. The linkage design shown in Figure 3 was
the midplane. selected. There are five members and six spring-loaded, rotary

The structure of the undulator distorts the external mag- hinge joints in this design allowing six degrees of freedom.
netic field, as shown in Figure 2 (note that only the vertical Hot rolled, 50% Ni-Fe was used for the linkage members
component of the external magnetic field need be considered), annealed at 1200 degrees C for four hours after pnrt fabrica-
and it is concentrated by a factor of 1.36 at the electron beam tion to achieve the high permeability. The annealed state
position [2]. Thus, the 0.3 G external vertical field at the ALS makes the material soft and gummy, resulting in galling at the
will produce an integrated field of 187 G cm (0.3 G x 1.36 x joints. To ameliorate this problem, parts were plated with
4.6 in). In addition, the ALS undulator geometry (1.4 cm gap) 15 gm thick electroless nickel and molykote grease was ap-
is such that the scalar potential of the structure is 10.3 times plied on all mating surfaces. To achieve the maximum surface
that of the poles, a factor 3.7 too high. To reduce this contact, the faces were ground to 16 micro inch and hand
minimum gap undulator field to 0.11 G, the structure scalar lapped to a mirror finish before plating. To hold the adjoining
potential from the midplane must not exceed 0.121 G cm faces together and allow motion, spring washers were installed
x 10.3 =1.25 G cm. on the ends of a hinge pin. A complete array of six flux shunts

installed on the IDB U5.0 Undulator is shown in Figure I.

Pin- stainless steel

- _

Wave washer2t
Tmtalrxig frg tuhnk-

N-Fe

Backing
Beam

Pole-4e:- ..-

L4,Closed Opened End
position position view

Figure 2. Field distribution around the undulator structure due Fg. 3. MEAsuREMENTSto a background field.Fl

The maximum flux that can enter the structure, again the IV AGEI MEASUREMENTS
Figure 2 configuration, occurs when the support structure is
shorted to the midplane and for a 0.3G background field is
4.30 x 104 Gcm 2. The first measurements were carried out with a single flux

Maximum total flux and allowable scalar potential differ- shunt attached to two 80 cm square by 5 cm thick 1010 steel

ence determines the mechanical configuration of the flux plates, Figure 4, to simulate 1/6 of an ALS undulator 131. With
shunt. For the ALS undulators, 6 flux shunts per device were a 22.5 cm plate spacing and the flux shunt disconnected from

selected, each flux shunt is a linkage because the undulator the plates, the average central field above the top plate was

gap opens and closes to change field. The material selected for 0.36 G and between the plates 0.42 G for a field enhancement

the linkage is 50% Ni-Fe because of its very high permeability of 1.1 7. With the flux shunt connected, the field at the top in-

at low field and its low coercive force. Using a 5 cm x 7.5 cm creased to 0.49 G and the internal field dropped to 0.11 0. a
cross-section for the Ni-Fe shunt members, the computed reduction of a factor 3.82, which verified that the concept

works. The shunt carried 3750 G cm 2 flux. Qualitatively,
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when the gap is increased, the field above the plate increases, undulator. This is believed to be due to the end configuration
the internal field decreases but the field integral between the of the magnetic structure, in particular the shorting of the out-
plates increases. A 31,500 cycle life test of the flux shunt de- ermost poles to the backing beams.
creased the magnetic performance. by 6.6%. With all six flux shunts energized in series, the change in

the undulator vertical magnetic field integral is only 87% of
the change that is obtained when the field integral changes of
the individual shunts are added together when excited with the
same current.

Data was obtained for the six flux shunts energized that
gives the changes in the centerline vertical magnetic field in-
tegral as a function of ampere-turns for several gaps. The re-
sults show, for a given excitation, that the field integral
change increases with gap closing until the permanent magnet
structure begins to saturate at about 2.2 cm, after which it de-
creases. The ampere turns required to null the vertical mag-
netic field integral as a function of undulator gap are deter-

Figure 4. ALS prototype flux shunt in test configuration. mined.

Tests were carried out with the assembled undulator sup- V. SUMMARY
port structure/drive system and the magnetic structure backing
beams, but without the periodic structure installed, as shown Tests demonstrate that the flux-shunt concept effectively
in Figure I [4]. Results show that the near midplane vertical reduces the average dc magnetic field in the undulator. For the
field integral, due to the environmental fields, is 115-150 G IDB-U5.0 support structure alone, the vertical support mem-
cm over the undulator operating range without the flux shunts. bers shunt approximately 25% of the flux between the backing
Calculations of this configuration using the Figure 2 model, beams and the flux shunts carry 35% more resulting in a 70 G
without the pole, yields field integrals of 160-200 G cm, cm field integral and an average field of 0.15 G. Flux shunts
which suggests that approximately 25% of the flux is shunted reduced the field integral for the completed device to
through the large vertical members of the support structure. 110 G cm, but the environmental field effects are a fraction of
With the six flux shunts attached to the backing beams, the the periodic structure field errors. In this case, the field inte-
field integral is reduced to 70 G cm for all gaps or an average gral can be canceled by energizing coils on the flux shunts.
gap field of 0.15 G. Based on calculations, with and without
the pole installed in the magnetic structure, at 1.4 cm gap, VI. ACKNOWLEDGMENT
field integral with poles would be 80 G cm for an average
field reduction factor of 2.57. This field integral is greater than This work was supported by the Director, Office of
the predicted 50 G cm and is probably due to saturation in the Energy Research, Office of Basic Energy Sciences, Materials
backing beams (annealed 1005 steel). As the shunts were Sciences Division of the U.S. Department of Energy under
added, the amount of flux carried by the shunts increased, Contract No. DE-AC03-76SF00098.
though the flux carried in each individual shunt decreased
with the distribution of flux among these shunts being fairly VII. REFERENCES
uniform.

Magnetic measurements on the completed IDB-U5.0 [11 "U5.0 Undulator Conceptual Design Report," LBL PUB-
Undulator showed that the six flux shunts reduced the mag- 5256, (Nov. 1989).
netic field integral by 110 G cm over the range of magnetic [2] E
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the ends of the undulator so the environmental fields only [3] E. Hoyer, "Flexible Yoke and Prototype ALS Flux Shunt
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A coil was put on each flux shunt to change the undulator
vertical magnetic field integral. Measurements carried out
with individual shunts, energized at a given current, show that
the undulator centerline vertical field integrals generated by
the shunts on the ends of the undulator are about 20 % higher
than those generated by the shunts located in the center of the
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Abstract K). The resulting field strength, 0.486 T, is sufficiently small
The design, construction and testing of the first two that a space of 5.25 mm can be left between the blocks (4

undulators that will be installed in ELETTRA is described, blocks per period), and a block height of only 21.5 can be
Some details are given also of the future program of Insertion used. In addition a simple clamping scheme can be used,
Device development. increasing the gap between magnets to 29 mm. A block width

of 100 m was chosen in order to limit the systematic quadratic
I. INTRODUCTION field variation, cos (kxx), to kx/k < 0.2 (k=2,Ao). The correct

periodicity is maintained by means of an accurately machined
The ELETTRA storage ring wil accommodate 11 'comb', making use of the spaces between the blocks. The

insertion devices, each up to 4.8 m long. At present five resulting structure, shown in fig. 1, is thus very simple and
devices have been approved for construction, serving a total cost effective.
of 8 beamlines, as detailed in Table 1. Undulators (U) will
have a pure permanent magnet configuration, while the
multipole wiggler (W) will be of the hybrid type. Each device
consists of up to 3 separate sections based on a standard 1.5 m 3

support structure. Previous work on the construction of
prototypes was reported in ref. [I].

Table 1. Main parameters of the initial ELETTRA Insertion
Devices, in order of construction; N = number of periods.

Beamlines ID N Gap (mm) Bo M K
ID3A,B U12.5 36 25.0 0.486 5.67
ID2A,B U5.6 81 25.0 0.445 2.33

20.0 0.590 3.09
ID5A,B W14.0 30 25.0 1.15 15.0

20.0 1.55 20.3
ID4 U8.0 19 25.0 0.713 5.33 Figure 1. Structure of the magnetic arrays of undulator U12.5.

20.0 0.866 6.47
ID6 U12.5 36 25.0 0.486 5.67 NdFeB permanent magnet blocks of NEOREM 30 H

were obtained from Outokumpu magnets, with Nickel
The first device (U12.5) has been constructed and tested, coating. Each block was measured in detail using a Hall plate

and the second (U5.6) is presently being assembled. Both system [21 in the two possible orientations that were allowed
devices will be installed in the ring this Summer, before beam for assembly. Both transverse field components were
commissioning. At this time the standard vacuum chamber measured at a grid of points, 81 points in z over ± 2 period
will permit a minimum gap of 60 mm. Early next year ore lengths and 13 points in x over ± 60 mm; the vertical height
section of the wiggler and the undulator U8.0 will be installed, (y) corresponded to the minimum gap of 29 mm. About 15
together with the 25 mm narrow gap vacuum vessels. The minutes were required in total for each block.
remaining two sections of the wiggler W14.0 and a second Data from the measurements were used in a "simulated
U12.5 will subsequently be installed. Beyond this first phase annealing" program to optimize the block configuration,
there are plans for other undulators, including a device for based on linear superposition of the fields of different blocks.
circularly polarized radiation. Initial operation will be at 1.5 The optimization was performed for all 3 sections at the same
GeV. Future developments will include operation at 2 GeV, time, but including some parameters based on the individual
and reduction of selected ID gaps to 20 mm. sections. The cost function to be minimized included the

following terms : first and second field integrals of both field
II. UNDULATOR U12.5 components at all x positions within ± 60 mm, for each

section separately and for all 3 sections; r.m.s. phase error for
The first undulator is required to operate over a total the complete device and separately for the top and bottom

range 10-800 eV, for ring energies of 1.5-2 GeV. To obtain arrays. Further details may be found in a separate report [3].
the minimum energy various period lengths could have been The second field integral is defined in such a way that it
chosen. The value selected, 12.5 cm, is a compromise corresponds to the displacement of the electron beam referred
between minimizing the power density (long period, small K) to the centre of the device.
and maximizing the flux at high energy (small period, high Each of the 3 sections has been assembled using the

0-7803-1203-1/93$03.00 © 1993 IEEE
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Table 2.
Magnetic measurement results for the 3 sections of U12.5

before and after shimming. Units: gap (mm), o- (%),°
aO (deg.), A~l,x,y (Gm), A12.x,y (Gm 2 ) o-

Section 1 Section 2 Section 3
gap 29 50 100 29 50 100 29 50 100 -o I, 1, 30

before shimming:o'!B 1. 1 0.8 0.8 1.3 0.8 0.6 1.4 1.0 1.0

,o 4.5 4.7 4.1 2.9 3.2 3.6 5.4 4.9 3.7 2, -

AIl,xy 1.4 0.7 0.5 0.9 0.6 0.3 1.5 0.7 0.3
Al2,xy 1.5 0.8 0.3 1.0 0.5 0.2 1.0 0.5 0.2
R1  1.0 1.0 0.99 1.0 1.0 0.99 0.97 0.97 1.0 -1, - - ,
R3 0.96 0.94 0.95 0.99 0.98 0.98 0.89 0.96 0.96 x (M)

R5 0.85 0.86 0.84 0.93 0.92 0.91 0.85 0.81 0.88 Figure 2. First and second field integrals for a typical section
after shimming: of U 12.5.
oB 0.8 0.6 0.7 1.1 0.8 0.6 0.9 0.6 0.7 aft
co 3.2 3.5 3.8 3.0 3.2 3.6 2.8 3.0 3.4 4

AIlx.yO.5 0.3 0.3 0.3 0.3 0.2 0.4 0.3 0.2 i @00

A12,x~yl.3 0.8 0.3 1.0 0.5 0.2 1.3 0.7 0.3 .- *02

R 1  1.0 1.0 0.99 1.0 1.0 0.99 0.98 0.98 1.0
R3 0.97 0.96 0.95 0.98 0.98 0.95 0.94 1.0 0.97 -*
R5 0.92 0.90 0.88 0.96 0.91 0.90 0.95 0.90 0.92 -*0 . .- ý*.t .. . .

defined configuration and measured using the same system as
for the block measurements. The results for all sections are
summarized in Table 2, which includes the r.m.s. field
amplitude and r.m.s. phase, the maximum range of variation *
of the first and second field integrals over the "good field
region" of ± 25 mm, and intensities of the first, third and fifth _,,_ _ _ _

harmonics relative to an ideal undulator (R1 , R3, R5 ). The -30. 0 on Z 1,V

results are generally in very good agreement with the Figure 3. Calculated trajectory and radiation phase in the
predictions based on the superposition of the field from complete U 12.5 undulator at minimum gap.
individual blocks [3]. However, although the field integrals
are similar in magnitude to the predictions the actual Table 3.
distribution is different, being very sensitive to the errors in Results of the superposition of the measured field of the three
the block measurements. The field integrals are close to or U12.5 sections.
within the specificied limits of ± I Gm and ± 2.5 Gm2 at all Gap (mm) 29.0 50.0 100.0
gaps. The r.m.s. phase error is less than 5.40 for all sections, Bo (M) 0.545 0.315 0.083
with the result that the 5th harmonic has at least 80% of its K 6.4 3.7 1.0
ideal intensity for each section. The r.m.s. field error is shown oB (%) 1.0 0.6 0.6
only for interest since it bears little relationship to the ao (deg) 4.1 3.8 3.7
resulting performance. R 1  0.99 0.99 0.99

Further improvements have been made to the field quality R3  0.94 0.96 0.92
by means of shimming [3]. A simulated annealing algorithm R5 0.88 0.87 0.81
has been developed to position the shims in order to correct
both field integrals and phase error simultaneously, at 3 shown, and it can be seen that they meet the required
different gaps. The program uses "shim signatures" calculated pefracgininTbe1Tephseroisufcetl
using a model for the shim effect. In all 3 sections it has performance given in Table 1. The phase error is sufficiently
proved possible to both improve spectral performance and small to produce good output up to at least the 9th harmonic,reduce field integral variation, using between 21 and 35 as shown in fig. 4.
reducehfie.Tle integraludeati, usinag besutwn 2tained ar Placing the sections together introduces additional effects
shims. Table 2 includes the final results obtained after that need to be considered in order to achieve the performance
shimming and fig. 2 shows a tyical distribution of field indicated above. The finite separation introduces a phase
integrals for one section.

The superposition of the measured field for the three difference of the radiation emitted in each section. In the

sections produces the trajectory shown in fig. 3. The phase present case this will be minimized by positioning the devices

values at the position of the poles is also shown. Table 3 with less than 1 mm separation. Secondly, the non-unit

summarizes the performance of the combined undulator at permeability of the NdFeB material introduces a small vertical

three different gaps. The field amplitude and K values am also field component that will be compensated using small
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.3 _identical way to those of U12.5, but using a new bench
dedicated to block measurements. This allowed measurements

ideal of completed sections to be continued during the 2 months
that were necessary to measure the 740 blocks. A reference

A .block was measured each day in order to guarantee that there=.2
were no changes in conditions during the measurement
period.

i IThe simulated annealing algorithm used for these blocks
- Iwas similar to that used for U12.5, with the exception that

,. I ". additional terms were included to guarantee a linear electron
I . trajectory. Some difficulties were experienced in optimizing

the structure, possibly due to the increased number of periods,
0 .. or possibly because of the actual set of measurement data. The

.0 1 2 3 4 5 6 7 8 9 10 optimization was also hindered by the significant increase in
CO/w, the required computer time compared to U12.5 [3). For the

configuration chosen the predicted performance was very
Figure 4. Calculated on-axis spectrum for the complete U12.5 similar to that of U12.5, including also the phase errors, but
device at minimum gap. The intensities of an ideal undulator with the exception of the first intgeral field errors, which
are as indicated. showed maximum values up to 4 Gm in all sections. This was

accepted however on the basis that shimming is more
effective in correcting field integral errors than phase errors.

The first section of U5.6 has been completed recently and
measurements will start soon.

I IV. WIGGLER W14.0

Construction of a 0.5 m prototype device which
successfully reached the required 1.6 T field level was
described in ref. [1]. Since then the mechanical design of each
cell has been modified. Previously each permanent magnet
block was a single piece 14 .0 x 11.5 x 2.38 cm, composed of

S- 6 smaller blocks glued together. Problems arose however due
to failure of the bonding, and so the new scheme uses only
two blocks which are clamped into position. All components
for the wiggler are presently on order, with the exception of
the end-terminations, pending completion of tests using a

Figure 5. Photo showing the completed U12.5 device, rotating block for field integral correction.

correction coils. Further details may be found in ref [4]. V. UNDULATOR U8.0
The undulator U12.5 is now ready for installation in

ELETrRA. Figure 5 shows how the three sections will appear This device is required to operate over a very wide range
when assembled together to form a complete 4.5 m device, of photon energy, from 250 eV to 1.5-2.0 keV in an undulator

mode, and from 2-8 keV as a wiggler. The period chosen was
III. UNDULATOR U5.6 a compromise between increasing the flux at low photon

energy (short period and therefore small K value) or high
The second undulator is designed to cover the range 250 energy (long period, high field and therefore high critical

eV - 1 keV at 1.5 GeV, with higher photon energies at 2 GeV. energy). Permanent magnet blocks have been ordered with a
A period length of 5.6 cm was selected in order to give a height of 40 mm, selected to give close to the maximum
sufficiently high K value (2.3) to provide a reasonable overlap possible field, and with a width of 100 mm, to satisfy the
between the first and third harmonics with a minimum gap of requirement kx/k - 0.1. A similar block holding structure to
25 mm. A standard arrangement of 4 blocks per period will be that of U5.6 will be used.
used, with 28 mm block height. A block width of 85 mm was
chosen to obtain kx/k < 0.1. A similar construction scheme to VI. REFERENCES
that used for the prototype has been used: blocks are clamped
into individual holders, which are then assembled onto a [1] R.P. Walker et. al., "Status of Development of Insertion
baseplate. Devices for ELETTRA", Prac. 3rd European Particle

NdFeB permanent magnet blocks were obtained from Accelerator Conference, Berlin, March 1992, p. 1656.
Outokumpu magnets (NEOREM 440i). To prevent corrosion [2] D. Zangrando and R.P.Walker, "Magnetic Measurement
the blocks have been passivated and oiled, a cheaper option Facility for the .EFLRA Insertion Devices",ibid, p.1355.
than metal coating and sufficiently effective for the ambient [3] B. Diviacco, these proceedings.
conditions in ELETTRA. Each block has been measured in an [4] B. Diviacco and R.P. Walker, these proceedings.
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Performance Optimization of Pure Permanent Magnet Undulators

Bruno Diviacco
Sincrotrone Trieste

Padriciano 99, 34012 Trieste ITALY

Abstract predictions both of the main electron trajectory and of the
An application of the Simulated Annealing technique to integrated multipole contents of the undulator field.

the problem of optimizing the performance of Pure Permanent Taking measurements on two sides of each block is of
Magnet Undulators is described. This method has been applied particular importance because of the high dishomogeneity of
to the optimization of the first two undulators for Elettra. magnetization often present in commercially available high
Predictions are shown to be in good agreement with the actual field materials such as NdFeB. As an example, fig.1 shows the
measurements of undulator sections which have been statistical distributions of the total intensity of the blocks
performed so far. which have been used for the U12.5 undulator. Also shown is

the distribution of the difference in field integrals above and
I. INTRODUCTION below the blocks. It is clear that the effect of non-uniform

magnetization can be even larger than that produced by the
The problem of optimizing the field quality of Pure spread of average intensity values.

Permanent Magnet Undulators (PPMU) has been discussed by a
several authors [1]. All of the proposed solutions are based on w
a more or less accurate ability to predict the field resultingC "
from the superposition of a large number of permanent magnet A
blocks. Therefore, the first step for any optimization process
usually consists in a precise characterization of the individual ., a.. .. . . .
blocks.

Another important issue is to define suitable quantities to u

be used as 'quality parameters' of the undulator field. For "
devices which have to be installed in low emittance storage
rings for the production of high brilliance synchrotron
radiation, attention must be paid not only to the spectral H_-,4T
purity of the emitted light, but also to the possible disturbing - -.. -6 -÷ .
effect on the stored electron (positron) beam.

To actually perform optimization, an appropriate method Figure 1. Statistics of intensity and dishomogeneity
has then to be found for sorting the available blocks, in order parameters for the U12.5 magnets.
to increase as much as possible the undulator field quality.

Recently an additional technique has been developed B. Field Quality Parameters (Cost Function Definition)
which consists in placing thin ferromagnetic shims on the
surface of the magnet, thus introducing small localized field The traditional way of assessing the field quality of an
perturbations. The problem in this case is to find the optimum undulator is the rms on-axis peak field variation. As recently
configuration of shim positions and thicknesses, subject to pointed out by some authors [2] this parameter is not very
some practical constraints such as the maximum number of well correlated to the spectral intensity produced by a particular
shims to be used and the maximum shim thickness, device. In ref. 2. the requirements that an alternative parameter

Both sorting and shimming can be succesfully managed should satisfy are clearly stated:
by stochastic search techniques such as Simulated Annealing
[3]; this method has been applied to the optimization of the i. It must be well correlated to the undulator
first two undulators for Elettra. performance

ii. It must be simple to calculate
II. BLOCK SORTING iii. It must be general, i.e. independent of the particular

device one is considering
A. Individual Blocks Measurements iv. It must be sensitive to small adjusiments of the field

distribution.
The method adopted consists in a flail Plate scanning

performed above and below the magnets over a range of A good candidate to fulfill these requirements is the phse
longitudinal and transverse positions. Two components of the error (or 'phase shake'). This is the difference in phase of
magnetic field are measured, giving enough information for photons emitted by an eletcron moving along the real
predicting (by linear superposition of the individual fields) tie trajectory with respect to the ideal case where no field errors
on-axis and off-axis transverse field distributions for any aie present. hlie good correlation between the rms phase error
configuration of blocks. Although this approach is (amb) and the on-axis spontaneous emission intensity has been
complicated due to the large quantity of infornation which has demonstrated by computer simulations [2,31. As for point ii.
to be handled, it gives the possibility of making accurate above, the evaluation of mb for any meaured or computed field

is straight forward. Points iii. and iv. are also easy to verify.

0-7803-1203-i/93$03.00 © 1993 IEEE 1590



As mentioned before, there is another class of effects that The results obtained for the optimized U12.5 undulator are
we want to minimize, namely those which affect the in good agreement with the predictions. As an example fig. 2
circulating beam. Integrated multipoles are responsible for shows this comparison for the on-axis field and the phase error
angular deflection of the particles passing through the device, in the case of one of the three 12 period sub-sections.
Also the second integrals of the field, describing the final During the process of simulated annealing, a large number
trajectory displacement, should be taken into account if the of configurations are considered; for each of them the cost
minimum disturbance condition has to be obtained, function is evaluated, giving all the important field quality

All these considerations lead to the definition of the Cost parmeters. It is therefore possible. with a simple modification
Function. In the language of stochastic optimization, this is of the program, to compute also the corresponding radiated
the combination of the various error terms that have to be spe"trum. In this way it is easy to compare various parameters
minimized. In the present work the cost function is simply a with the on-axis peak intensity. In fig. 3 the intensities for the
weighted sum of three tezms, corresponding tc first, third and fifth harmonic of the spectrum are plotted as a

function of the rms phase error a(. This calculation refers to
a) rms phase error the complete 36 period undulator (three sections). The point
b) maximum value of the first field in ,rals at any mentioned before about the good correlation between acD and

transverse position spectral intensity is confirmed in this case. It is worth noting
c) as in point b) for the second field integrals, that no particular model for the field errors is used in this

simulation. suggesting the general validity of this correlation.
The optimization for the Elettra undulators is in reality

complicated by the fact that they are segmented. i.e. build in >% .2 T I I

up to three sections which could be operated individually if '_ .0
necessary. The cost function in this case has also terms o
corresponding to the single sections, but the general Q o.8 *
philosophy remains the same. .6..)

Having defined a unique cost associated with each possible o 0.8
configuration of blocks, a simulated annealing algorithm is Q | o
used to find an optimum solution. The algorithm. starting > 0.4 o
from an arbitrary configuration, works by swapping pairs of -,
randomly chosen blocks. Good and bad swaps are allowed with O 0.2- V o %°o
equal probability at the beginning, but, as the computation Q o o

proceeds, bad swaps are less and less likely to be accepted. 0. 10 15 20 25 30 35
Eventually, when no more bad swaps are allowed, the process U. (deg)
terminates. This method has the advantage of being able to
approach the global minimum of the cost function without f-igure 3. Corretation between spectral intensity and rms phase
being trapped in a local one (see ref. 4 for details). A error. Also shown (continuous line)is the result of a moel
complication arises from the fact that the weighting for the effect otrandom phase errors taken from ref. 3.
coefficients of the various terms in the cost function must be
adjusted empirically in order to achieve an overall satisfactory Finally, Table I and 2 compare predictions and
solution. measurements for the three individual sections. The overall

agreements is very good, with the exception of the first
integral variation which appears to be the most difficult

1.03 parameter to control.

o '. - Table 1. Predicted (measured) rms field error, phase error and
relative intensity tor the UJ12.5 undulator. RI, R3 and R5 are

. expressed in percentage of the ideal case.

,.u -
0 B (%) (Yb (deg) R1 (%) R3 (%) R5 (%)

section 1 1.0(1.1) 3.8 (4.5) 98(99) 95(95) 88(85)
0) section 2 1.2 (1.3) 2.8 (2.9) 98(99) 96(98) 93 (93)

section 3 1.4 (1.4) 6.9 (5.4) (7(97) 84(89) 71 (85)
0 . \ -.

-- Table 2. Predicted (measured) first and second integral
S . - variation for the U12.5 undulator over ±60mm in x.

a -ID.

a.~~A -I.,, l (G m ) AI2 (G m2)
-40 040 O

Z (Mm)
section I ± 0.9 (2.0) ± 1.3 (1.9)

Figure 2. Measured (solid line) and predicted (dotted) field section 2 ± 0.8 (1.0) ± 1.0 (1.0)
variation and phase error under each pole for U12.5, section 1. section 3 ± 0.8 (1.3) ± 1.0 (1.3)
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III. SHIMMING ±2.5 Gm2 over a transverse range of ±25 mm at all gaps. At
the same time we tried to reduce the rms phase error of

The shimming technique has been first proposed as a sections 1 and 3 which showed a larger value compared to the
method to reduce the on-axis peak field variation based on the central section 2. This attempt has been succesful, using
measured effect of shims placed between the poles of a hybrid between 21 and 35 shims of thickness 0.2 to 0.5 mm. Table 3
undulator [5]. It has then been extended to the correction of the shows that the measured values of the phase error for the three
transverse field integral in a PPMU [6]. This correction is sections at three different gaps are in very good agreement
based on a model of the magnetizing effect of the external with prediction. The required field integral correction has also
undulator field on a thin ferromagnetic shim sticking on its been achieved. More details about the final results can be
surface [7]. This model allows one to compute a set of 'field found in ref. 8.
integral signatures' describing the effect of a shim placed at a
given position in the undulator. The appropriate distribution Table 3. Predicted (measured) rms phase and peak field errors
of thicknesses required to correct the measured integral error is in the three sections of U12.5. 0 B is listed only to show the
then found by determining the appropriate coefficients in a good agreement with the predictions, but is not used at all in
linear combination of these signature functions. the optimization.

Combining the two methods, it is simple to extend the gap oI (deg) OB (%)
calculation of the shim effect in order to include also the
perturbation to the longitudinal field distribution. As an section 1 29 3.0 (3.1) 0.9 (0.8)
example fig. 4 shows the computed and measured 'longitudinal 50 3.5 (3.5) 0.6 (0.6)
signature' for a 0.4 mm thick shim positioned at the centre of 100 3.7 (3.8) 0.6 (0.7)
the U12.5 undulator.

30 , section 2 29 2.8 (2.9) 1.2 (1.2)
50 3.2 (3.2) 0.8 (0.8)

20 100 3.5 (3.6) 0.6 (0.6)

10 Model section 3 29 2.6 (2.8) 0.9 (0.9)
50 2.9 (3.0) 0.6 (0.6)

S0 - -- 100 3.4 (3.4) 0.7 (0.7)

M- 10

Me IV. CONCLUSION
-20 - Measurement

-310 The simulated annealing method has been succesfully
applied to the optimization of the U12.5 undulator, both for

-40 block sorting and shimming. The same approach is therefore

-150 -100 -50 0 50 100 150 being used for the shorter period device U5.6, presently under
Z (mm) construction.
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Magnetic Interaction Effects in ELETTRA
Segmented Pure Permanent Magnet Undulators

B. Diviacco and R. P. Walker
Sincrotrone Trieste, Padriciano 99, 34012 Trieste, Italy

Abstract
The effects of finite separation and non-linear 200 I I

superposition between pure permanent magnet sections are
considered. Measurements of finite permeability effects are us.e 6
compared lotheresults ofcalculations wthaprogram, PMU3Dg. 150

Uf

I. INTRODUCTION
0100

The standard undulators for the ELETrRA synchrotron V

radiation facility will be 4.5 m long, and will be composed of U12.5
three independent sections, for flexibility in use, greater 50 -
mechanical stability and ease of construction, testing and -50
handling (1]. A general problem of segmentation is that the .
correct phase relationship must be maintained between the 0 5 8,7 8 9 1
radiation emitted in the different sections, in order to preserve 0 1 2 3 4 5 6 7 8 9 1m
the high radiation brightness. In the present case it was

decided to adopt a pure-permanent magnet configuration so Figure 1. Phase difference as a function of separation in two
that phase errors could be minimized, while still permitting undulators, with various gaps.
independent operation of the sections [ 1,21.

A second problem is that the fields of two adjacent 1.00o
sections do not superimpose exactly, due to the effects of non-
unit permeability of the permanent magnet material. This is 0.98.
one aspect of a general problem that arises when individually N
measured blocks or sections are put together [3]. The situation C0.95
is worse for NdFeB material compared to SmCo5, since .9

although the permeability in the direction of magnetization is
similar, 1.03-1.08, that in the perpendicular direction is 0.94 \
significantly larger. 1.15-1.l8, compared to 1.02-1.08.

In this report we consider these two effects for the first o.9z
two undulators that will be installed in ELETrRA, with
period lengths of 5.6 cm and 12.5 cm [4]. Measurements of 0.90
non-linear superposition effects are compared with the results 0 20 40 s0 80
of a computer program, PMU3Dtt, which is based on an 60 [dog.]
earlier program for ideal, unit-permeability, permanent
magnet undulators [5]. Figure 2. Relative intensity as a function of phase difference;

upper curve - 2 sections, lower - 3 sections.
II. PHASE DIFFERENCE

It can be seen that the intensity is not very sensitive to A0, at
Figure 1 shows the result of calculating the phase least for the fundamental. However, the phase is calculated atFigiure the fundamental wavelength in each case, and is therefore 3

difference between the radiation emitted in two ideal pure

permanent magnet undulators as a function of their separation, times larger for the third harmonic, and so on. A small
at three different gaps. The examples correspond to the first separation is therefore needed in order to have negligible
two devices that will be installed in ELETI'RA [4]. It can be effect on the higher harmonics. In ELETTRA the IDs will be
seen that for small separation the phase difference increases separated by 0.5-1 mm to give a phase difference of less than
linearly with separation, and varies inversely with the period 100, and hence a reduction of less than 5 % for the 5th
length. The variation with gap is however quite complicated harmonic.
since it depends on the exact form of the fringe field. The
effect of the phase difference A0 is to introduce an additional III. NON-SUPERPOSITION EFFECTS
factor into the expression for the spectrum for one section (N
periods): A. Calculation of Non-Unit Permeability Effects with
(2 + 2cos(2xNAoYto1 + A*)] for 2 sections, PMU3Du
(3 + 4cos(2xNAo•o) 1 + AO) + 2cos(4nNAaft'l + 2A0)),
for 3 sections. Figure 2 shows the calculated reduction in peak To a good approximation the field inside the permanent
on-axis angular flux density (zero emittance). magnet material can be expressed in the following way (6]:

0-7803-1203-1/93$03.00 0 1993 IEEE 1593



B = p0 (jH + Br), where BTris the remanent field and t=(j, C. Magnet Arrays
g.i) the permeability in the direction of magnetization and
perpendicular to it respectively. The magnetization can When individually measured linear arrays are put together
therefore be written as: M = Br + g0 (X*H), where Xl=-,_1, above and below the electron beam there is another non-

X..=t±.- 1. The equivalent current density is given by Jm = curl superposition effect, but only on the vertical field integral.

M. The additional field that arises from non-unit permeability This top/bottom effect has been measured using two 0.5 m

can therefore be calculated from a current density Jm = PO long arrays of the undulator U5.6. Figure 4 shows the

curl (°EH). It can be seen that the additional current density difference between the field integrals measured for the two
arrays together and the sum of the integrals for the two arrays

contains both a volume term, due to changing H, and surface measured separately. Again there is good agreement of the
terms, arising from discontinuities in X and H. vertical field integrals with the values calculated with

The program PMU3DjL uses the fact that the additional PMU3Dri, and the horizontal integrals are close to zero as

effect is a small perturbation. It first calculates the field due to e c d t

a set of ideal gt=1 blocks in the standard way [5] at regularly expected.

spaced points in each block, takes the appropriate derivatives
to obtain the current density, and then calculates the additional 400

field. To be more efficient the program can divide the blocks 200
into groups whose fields are to be superimposed. The non-
linear effect within each group is not calculated since this--

does not appear as an additional effect when the groups are E -200AI

put together. 4

B. Magnet Blocks -600
-800 •- Aly -

We first consider the interaction effects between two or
more individual permanent magnet blocks. In ref. [71 -00
measurements and calculations using POISSON were shown -1200

to be in good agreement for the non-superposition effect of -40 -20 0 20 40

two blocks with perpendicular magnetization. Here we X (MM)

examine the more complex case of an array of 4 periods, 17 Figure 4. Measured (points) and calculated field integrals
blocks, of undulator U5.6. arising from the superposition of two magnet arrays.

1500 1 , , The difference between the complete undulator, with top
-measured and bottom arrays, and the result expected from a linear

-00 PMU3Dg. prediction 0 ', superposition of the field of the individual blocks is - for the
1000-vertical field integral - twice the result shown in fig. 3 plus the

. -. \ top/bottom effect, as shown in fig. 5. The effect on the
S 500 - horizontal field integral is zero, due to cancellation of the
S- \"distribution shown in fig. 3. In practise however the field

c AIX ,,integrals of a complete device are not dominated by this
0 effect, but by sum of the errors of the many individual block

measurements.
-500-

e• 1500-1000 "-_,.2 *non superpositinefc

-60 -40 -20 0 20 40 60 in a single array
X (mm) 1000

Figure 3. Measured and calculated field integrals arising from
R500*the superposition of blocks in a 4 period array. total effect

Figure 3 shows the difference between the measured , 0o
transverse variation of the field integrals and the values :
expected from a linear superposition of the fields of the -500
individual blocks. The values calculated with PMU3DWt are top/bottom interaction

also shown, and it can be seen that there is good agreement, 1
given the small magnitude of the effect. The permeability - 0 40 60 80 10020 400 80O

assumed in these and the following calculations are gap (mm)
;i=(1.O,l.15). The effects are generally much less influenced
by pp. The value of pt1 corresponds to that measured by the Figure 5. Calculated non-superposition effects for blocks in
block manufacturer, Outokumpu Magnets. single and double arrays, and the top/bottom effect.
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Figure 6. Measured (points) and calculated variation in field Figure 8. Measured (points) and calculated transverse
integral with gap for two sections of U12.5. variation in the field integral for two sections of U5.6.
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Figure 7. Measured (points) and calculated variation in field 4-

integral with gap for two sections of U5.6. 50
so

D. Undulator Sections ,z Z (--)

The most important effect in the present case is the non- Figure 9. Calculated vertical field component for tm sections of
superposition between two undulator sections, which gives U5.6; upper-total field, lower-effect of non-unit permeability.
rise only to a vertical field component. Figures 6 and 7 show
the integral of this component at x=0 as a function gap, for IV. ACKNOWLEDGEMENTS
various separations (s) between the sections. It can be seen
that the effect decreases with increasing separation and that It is a pleasure to acknowledge J. Chavanne and P.
there is a complex variation with gap. Good agreement is Elleaume for fruitful discussions about non-unit permeability
again shown between measurements and calculation. Figure 8 effects, and K. Aittoniemi of Outokumpu Magnets for
shows the transverse variation of the field integrals, indicating carrying out the perpendicular permeability measurements.
a small integrated sextupole field of 0. 1 T/m. The measured
horizontal integral is close to zero, as expected. V. REFERENCES

Figure 9 shows the calculated longitudinal variation in
the vertical field component. It can be seen that the major part [11 ELETTRA Conceptual Design Report, Sincrotronc
of the effect of non-unit permeability occurs within the central Trieste, April 1989.
half period. [21 B. Diviacco and R.P. Walker, "Phase Variations in a

The effect of the field integral would be to cause a Segmented Undulator", Sincrotrone Trieste Internal
variation in the storage ring closed orbit with gap. This could Report ST/M-88/9, May 1988.
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present case at 1.5 GeV a field integral of I Gm is equivalent [41 R.P. Walker et. al., these proceedings.
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Planar Helical Undulator Sources of Circularly Polarized X-rays*
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Abstract
The planar helical undulator is a charged particle without chicane. Some designs of this type of source can be

accelerator insertion device that produces a helical magnetic shifted from RCP to LCP, and it has only one beam through
field using only planar magnet arrays. The helical field causes the monochromator. The alternation of polarization would be
the particles to execute helical trajectories, and to emit x-rays lower than with a chopper, and might interact with the
with a degree of circular polarization. To switch the x-ray electron beam, but it would use the center, and not the two
helicity, some designs require a mechanical shift of the magnet horizontal edges of the monochromator optics. This strategy
arrays. Other designs use a chicane, a separate undulator to would have more than twice the flux of the corresponding
produce each polarization, and a chopper to switch between chicane design, both because more periods are used, and
them. We present an analysis of the different magnetic because the peak width is inversely proportional to the number
designs that have been proposed, with emphasis on a device of periods.
for the 500-1000 eV x-ray range on the SPEAR storage ring.

II. PLANAR HELICAL UNDULATOR DESIGNS
I. INTRODUCTION

All of the devices discussed here have four rows of
There is an increasing demand for circularly polarized magnets, one in each quadrant surrounding the beam axis.

soft x-rays in the study of magnetic materials, biological Some of the magnets are used to generate horizontal fields, and
molecules, and other systems that exhibit circular dichroism. some generate vertical fields. Critical parameters include
At present, most experiments have been done with bending flux, polarization rate, switching convenience between RCP
magnet radiation, which is elliptically polarized above and and LCP, and mechanical complexity.
below the horizontal midplane of the storage ring. Insertion
devices such as undulators and wigglers have been used to date The Helios device of Elleaume is one which employs
mostly as sources of linearly polarized radiation. They yield a standard Halbach jaw (both bottom rows the same) and
much more intense radiation than bending magnets, so there is another jaw that consists of two standard Halbach rows phased
an apparent need for insertion device sources of elliptically longitudinally apart by 1/2 period. [5] The Helios device is
polarized x-rays. mechanically complicated, because its jaw motions are not

symmetrical. It creates horizontal fields with one jaw, and
A number of insertion devices generate elliptically vertical fields with the other; in order to generate a circular

polarized x-rays, such as bifilar solenoids, elliptical and helix, the half gaps between axis and jaw must be changed
asymmetric wigglers, crossed undulators, and planar helical separately. The jaws may also be moved longitudinally with
undulators. [1] We have chosen to study the pure permanent respect to each other to change helicity or they could be fixed
magnet planar helical undulator, which was pioneered by in phase in a chicane design with two undulators. This device
Elleaume at ESRF where he has installed a device of this type is shown in figure 1:
called 'Helios'. [2] Diviacco and Walker [3] and Sasaki [4]
have developed alternative planar helical undulators; our study
is an attempt to compare the different designs.

One class of planar helical undulators involves a
chicane and a pair of in-line undulators as in the Helios design.
One undulator creates left circularly polarized (LCP) light and
one creates right circularly polarized (RCP) light. The chicane
strategy creates two beams simultaneously, which both pass
through the monochromator. They may be chopped
alternately, to give the user only RCP or LCP light at any
time. Each undulator is shorter than half of the available Figure 1: The Helios device, with arrows showing the
insertion region, because of the need to leave space for chicane direction of the easy axis of magnetization in each block.
magnets. The design of Walker and Diviacco is like four

The other class of sources is the single undulator standard Halbach rows, but instead of blocks with
magnetization parallel to the beam axis, those blocks have

* This work supported by the U.S. Dep't of Energy, Office of transverse magnetization The horizontal and vertical fields
Basic Energy Sciences, Division of Materials Science. are equal in strength at any value of gap, so it does not require

any phase adjustment. This device cannot be phase shifted to
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reverse the helicity, so it would not be usable as a single III COMPARISON OF DESIGNS
device to generate both RCP and LCP x-rays. To generate x-
rays of the opposite helicity to those created by the device in We modeled these devices using a program based on
figure 2, one would have to reverse the direction of finite element decomposition of magnet blocks. For a circular
magnetization of the vertically or the transversely oriented helix, the field strengths must be equal, and the fields must be
blocks. 900 apart in phase. We consider only pure permanent magnet

devices where the magnet blocks have square cross section;
this generates almost all the field strength that could be
obtained from blocks of greater height. We consider the
blocks to be 'wide' in the transverse direction, so that we do
not suffer from finite width effects.

Ae ,In designing an undulator for a given energy range, it
-00 ,r Iis useful to study the following plots of B field versus period

length, which are derived from the equations: [7]

Ef = 950 E2 (GeV) [1a]
X(1 + K2/2+02y2)

Figure 2: The device of Walker and Diviacco; blocks with K - .934 B(T) X (cm), B = B2 + 2[b]
vertical arrows create horizontal transverse fields; blocks with
horizontal arrows create vertical fields. For circular polarization, Bx - By, so that B f-- Bx,y.

The Sasaki device consists of four standard Halbach
rows, but two of the rows must be phase adjustable in order to c 2
maintain a circular helix. Two rows, (say upper left and lower (U
right) are moved together with respect to the fixed rows, but "
by a rather small amount (.13 to .18 period) to maintain a
circular helix. By switching the phase though zero, the '• eopposit sneof polarization is obtained. This geometry is 1.2

shown in figure 3: 200e
40.8
0 .o.

E e
S 0 .4 ..... ............. . ....... ....... .. .......

l----I
0

row > 4 as 6 7 8 9 10 11 12rtý= e_0.Period 
Length - cm 1 1 1

Figure 4: B field as a function of period to create x-rays of
various fundamental energies with a 3 GeV electron beam.

Figure 3: The Sasaki design; the lower front, and upper back The table below shows the calculated characteristics of various
rows are fixed and aligned; the lower back row and the upper undulator designs, based on a minimum energy of 500 eV.
front row are shifted to the right.

We are currently building a device starting with the Type Period K Number PI Flux
Sasaki concept, but with the further extension that all four of Length Parameter of Watts/

the cassettes are moveable longitudinally. This will allow us Periods i e 9 7

to create vertically, circularly, and horizontally polarized Halbach Single 6.9 1.72 27 7.95
radiation. In addition, we will be able to change the Elleaume Single 7.6 1.57 24 5.32
characteristic energy of the radiation by moving the top jaw Elleaume Chicane 7.6 1.57 10 2.22
longitudinally with respect to the bottom jaw or by moving Walker Chicane 7.4 1.67 10 2.58
the rear pair of cassettes with respect to the front pair. Such Sasaki Single 6.5 1.79 28 9.49
motions maintain ellipticity according to the way the original Sasaki Chicane 6.5 1.79 11 3.73
Sasaki phase is set, but they change the magnitudes of the
magnetic fields, with no need to change the gap, as with the Table 1: The values were based on computations of B fields
linearly polarizing adjustable phase undulator [6] from the modeling program, and period lengths from Figure 6.

The undulator calculations assumed Br = 1.2 T
NdFeB magnets of square cross section and 60 mm width,
with a gap of 30 mm. The total length of 'single' devices is
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1.9 m. and for the 'chicane' geometries, we use 1.5 m as the In the Walker-Diviacco design, the helicity of the
length available for the undulators. The Halbach linearly electron trajectory remains exactly circular, independent of gap.
polarizing device is included for comparison. Flux was This is convenient in that it does not require phase motion,
calculated for the power in the first harmonic: [7] but it does not allow the user to generate elliptical

polarization, which may be useful. Elliptical polarization

1 x c I e N Zo g
2 K2  may be needed to overcome ellipticity in the optics, or to

P2 Z[12] overcome ellipticity which occurs when the electron beam is
3X 1 + off axis. Also, since its helicity cannot be changed by phase

S K y ) shifting, its use would be limited to a chicane geometry if

both directions of circular polarization were desired.
N is the number of periods, and I is the electron

current. Note that the single Sasaki device produces 19% more The Elleaume design is more complicated
flux than a single Halbach device. This may be thought of as mechanically, and has less flux than the other two designs.
a consequence of the fact that the electrons are being Also, with separate half gap adjustments for each jaw, one
accelerated continuously in a helical path, but only would have to move the undulator magnets separately from the
sinusoidally in a planar oscillating trajectory. The plot below chicane magnets. The Sasaki device can be phase shifted so
shows the flux integrated over the undulators' central cones: that it produces linearly polarized light in the horizontal (phase
[8] = 0) or vertical direction (phase = 1/2 period). The Elleaume

device can also be phase adjusted to produce linearly polarized
light, but in the ± 450 directions.S1 0 1S . . . . . . . . . . ................... .................... ........ ............. ..................... .

.:................:...................: :...:.....:::: .::::.:The first choice is between the chicane and single
"VSA .................... ................... :" ..... ... undulator strategies. The single undulator uses the

monochromator optics in a simple way, gives much more
............. flux, and requires no chicane magnets, but is limited with

regard to helicity switching. The chicane strategy would allow
rapid switching with no disturbance to the electron beam, but

C 1014 . . .. makes more demands on monochromator optics, has much

................................../..................................polarization would be somewhat elliptical.

0 .A problem common to all of the 4 cassette planar
8 500 600 700 800 900 1000 helical undulators is that their horizontal fields have a narrow

horizontal profile. The vertical field can have a broad profile,Photon Energy - eV proportional to the transverse width of the magnets. But the
narrow horizontal field profile is a consequence of the sharp
discontinuity between the parallel cassettes. This creates the

Figure 5: Central cone flux compared for 2 meter devices on requirement that the electron beam be steered accurately down
SPEAR, with 100 mA electron beams. the axis of the undulator. The x-ray spectrum will be blue

shifted if the beam is horizontally off-axis.
IV: DISCUSSION

V: REFERENCES
For an ideal electron beam, the flux from all of the

planar helical undulators with circular helical orbits is 100% [1] K-J. Kim, SPIE Proceedings, 1345, (1990), p. 116
circularly polarized. A bending magnet or wiggler does not
yield appreciable flux with more than about 90% circular [2] P. Elleaume, Nuct. Inst. & Methods A291, (1990) p. 371
polarization.

[3] B. DiViacco and R. P. Walker, Nucl. Inst. & Methods,
From flux considerations, it would appear that a A292 (1990), p. 517

single Sasaki type device would be preferred. Not only is the
flux in the fundamental peak higher even than the comparable [4] S. Sasaki, K. Miyata & T. Tanaka, Jpn. J. Appl. Phys 31
Halbach device, but the peak is narrower than all the other (1992) p. L1794
circularly polarizing devices because of the greater number of
periods. From our experience on the adjustable phase [5] K. Halbach, Nucl. Inst. & Methods 187, (1981), p. 109
undulator [6] it appears that the phase of an undulator may be
changed with negligible disruption of the electron beam, so [6] R. Carr, Nucl. Inst. & Methods A306, p. 391 (1991)
both directions of polarization would be available, with a
slewing time of a few seconds between directions. [7] ALS Handbook, LBL-PUB 643 (1989)

[8] The author thanks Steve Lidia of LBL for this data.

1598



Polarized Wiggler for NSLS X-ray Ring*

A. Friedman, X. Zhang, S. Krinsky, E.B. Blum and K. Halbacht
National Synchrotron Light Source Brookhaven National Laboratory Upton, NY 11973

Abstract the photon beam. Such reversal is also described by the
relations of Eq. 1.

In most cases 4%spin//o < 1. Hence, there is a serious
We examine the properties of an elliptically polarized detection problem. This problem may be alleviated by us-

wiggler that will generate circularly polarized photons with ing an incoming photon beam in which the polarization is
energy spectrum of 3-12 KeV. The vertical wiggler mag- modulated sinusoidally in time. The signal detected in this
netic field is produced by permanent magnets while the case (Eq. 1) has a fundamental harmonic oscillating with
horizontal wiggler field is generated by electric coils ca- the polarization. The measurement of the intensities I+ is
pable of AC excitation. The radiation parameters of the a small AC signal (spin effect) modulating a large DC off-
wiggler are presented. Numerical values are calculated for set (charge effect). This AC signal can be readily detected
radiation from the wiggler. A conceptual design for such using such techniques as lock-in amplifiers and high-pass
a wiggler is discussed. We consider AC excitation of the filters. Fig. I describes an elliptically polarized wiggler
wiggler to produce the time modulation of the elliptic po- [2, 3] constructed from a vertical permanent magnet wig-
larization. The power dissipated in the vacuum chamber gler and a horizontal wiggler which may be constructed
due to the eddy current is considered. either of a permanent magnet [2, 3] or an electromagnetic

magnet [4]. In the case of an electromagnetic wiggler, the

1 Introduction oscillation of P, is achieved by exciting the horizontal wig-
gler with AC current.

By using circularly polarized X-rays, magnetic properties
can be detected much more effectively than with linearly
polarized or unpolarized photons. Some effects can only be
detected with circularly polarized photons. A typical ex-
periment using circularly polarized light involves measur-
ing the absorption or scattering of the photons by a target.
Measurements are taken for right and left circular polar-
ization. The results are then subtracted from each other Figure 1
in order to yield the net polarization. In the example of a Schematic of an elliptically polarized wiggler
magnetic Compton scattering experiment involving a soft
magnetic material [1], an axial magnetic field is applied to
the target and the scattered photon intensity I+ is mea-
sured, the magnetic field is then reversed and the scattered 2 Elliptically polarized wiggler
photon intensity I- is measured at the same angle. The
net spin of the material can be calculated from: Consider a wiggler magnet constructed from a vertical wig-

gler and a horizontal wiggler superimposed with a 7r/2
+ - I-= f+ -fphase difference between them [2, 3] (Fig. 1). The mag-I+-I- f+-f- nI +-nl n (1) netic field on axis is:

I++- f~+ +f-nt+ nt 4To

where f+, f- are the fluxes of the right polarized and
the left polarized incoming photons respectively. 4o is the By 2irmcK sinkz, B, = 'oskz (2)
spin independent scattering cross section, and 4%pin is the e \ e A,
spin dependent component of the scattering cross section.
f+ + f- is the total photon flux, nt + ni is known, -0 w
and %pi,, are calculated theoretically. Thus, either the are the horizontal and vertical wiggler strength parame-
net spin raj - ri or the circular polarization parameter ters. The horizontal wiggler field is weaker than the verti-

(P, = (f+ -f-)/(I++f-)) can be determined from Eq. 1. cal wiggler field (Kl/Ky < 1).
Hard ferromagnetic materials do not yield the same net In order to get a rough estimate of the properties of

spin when the DC magnetic field is reversed. It is, thus, the radiation, we utilize the "Bend Source" approximation
beneficial to be able to reverse, instead, the helicity of [2). The radius of curvature of an electron in an elliptical

wiggler is:
"Work performed under the auspices of the US Department of

Energy under contract no. DE-AC02-76CH00016. •= , (I + . (3)
t Lawrence Berkeley Laboratory, Berkeley CA 95720 23/ "[
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where ý is the projection of the angle between the wiggler
axis and the target of the radiation into the x-z plane. The
vertical angles between the viewer and the arcs are: Ccular PolarizaUon (SfV..c. E-i10KeV) (NSIS)

1.0 .5•÷=•+_K ,= o _K (4) o.0

where ?r = ar/2-ý. Figs. 2 show the photon flux and polar-
ization that can be produced by elliptical wigglers in NSLS
X-ray ring straight sections (cy = 2 x 10- 9 in, Oy = 30cm, -0.s

0ry, = 80prad). The fluxes are computed per wiggler period -1.0
and should be multiplied by the total number of periods 0 0.5 1.0 1. L0
in the wiggler. There is a trade off between the polariza- Veruti A1 Cld/(K)]

tion and the flux on axis. A higher K. value will yield a (a)
higher degree of circular polarization, but will decrease the
photon flux on axis significantly. This is due to the fact
that for large K, the angle between the two bends in a pe- Photon (ha t. , m, Il=CKeV) (NMI.)

riod becomes larger, thus producing less radiation on axis. lots

Fig. 2c shows the circular polarization as a function of the 12 too
electron beam vertical angular spread. Note that a vertical i tol
emittance of c = 0.2 x 10- 9 m has recently been achieved /
[5] in the ring, corresponding to an angular spread of 25 /
jradians, which for K1 = 1 will yield P, > 85%. 10 /J -\S\'C

3g o llpt 1 0° . . . .0 ' £0

3 Conceptual designs for elliptical 0 0,.0 1.-,L)
wigglers 

(b)

We consider the vertical wiggler to be built from perma-
nent magnets. Its realization is straightforward since the
vertical gap is small and the desired value of K. = 13 Ciretar Polahrimatc (ý7.16c. %=toKeV. 0) (NS)

is easily achieved in a configuration with static horizontal 1.0 - - . --
field. An electromagnetic horizontal wiggler is of interest, 0.0 -

so that the polarization can be modulated. In addition,
if it is possible to move the horizontal wiggler relative to e
the vertical wiggler, we could also provide a configuration -0I--'
yielding a time-dependent linear polarization. -0.6 __2,i=a i S

With an AC horizontal wiggler there may be eddy cur- -1.0

rents in the permanent magnet material. To solve this
problem, one could use a high resistivity permanent mag- 0.5 Spred 1xi0-4' 1.5 LO

net, such as epoxy bound materials. Alternatively it could (c)
be possible to build the permanent magnet blocks from Figure 2
laminations. At present, we favor laminated NdFeB be- Elliptical wiggler radiation parameters (a) Circular po-
cause of its higher remnant field. larization, (b) photon flux, (c) circular polarization as

The problem of eddy currents may be alleviated by using a function of electron beam vertical angular spread.
0.5 mm thick iron laminations. The use of transformer iron [Ky = 13, I = 200mA, AA/A = 10-3].
which contains silicon, would further reduce the generation
of eddy currents. A typical configuration of an iron core
electromagnetic wiggler is shown in Fig. 3. In reference Table 1: Iron Core Electromagnetic Wiggler Parameters
[6] Halbach developed an algorithm for optiniizing such (A,,. l6cm, D1 = 4.6cm, D, = 9.8cm)
a configuration. Table 1 shows calculation of the various
parameters for a wiggler with A,, = 16 cin, and DI/Au., = g = 6 cmii g = 8 cnm

0.2875. We limited the field in the iron to B) < 1 Tesla in B0 ... [Tesla]
order to use transformer iron, and the current de(lilsity to 2 )
200 Amp/cm 2 in order to use air cooled coils. Two gap

sizes are examined. The first row in Tahle I represents J [Anlp/cm] 87.32 110.2
the field on axis with J = 200 Amnp/ciin 2. The second row
represents the current density require(] for I\'.,. = I.
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The design with g = 8 cm requires a current density of 5 Concluding remarks
110 Amp/cm 2 which is well under the limit for air cooled
coil. From the results presented, use of an elliptically polarized

wiggler looks like a viable way to achieve 3-12 KeV circu-
larly polarized X-rays from the NSLS X-ray ring. Other

4 Eddy currents in the vacuum concepts, such as cross field undulator [7] or a bending

chamber magnet will either not yield the high photon energy re-
quired or will not produce enough photon flux. These ap-

The time variation of the horizontal magnetic field B. gives proaches are more sensitive to the electron beam angular
rise to eddy currents flowing along the vacuum chamber in spread and hence they are not appropriate for the NSLS
the axial z - direction. Approximating the wiggler mag- ring, which has low vertical #i in its straight section. In
netic field by a spatially constant dipole field, the eddy order to increase the sensitivity of detection, AC modula-
current density becomes tion of the polarization is recommended. This can be done

in an elliptical wiggler by constructing one of the wigglers
J. = -aixy, (5) from electromagnets and operating it with AC current.

A major challenge will be to maintain stability of the
where a is the chamber conductivity. The power dissipated orbit with AC excitation of the horizontal wiggler. Time
is varying correction coils at the entrance and exit of the wig-

1o d, J,, (6) gler will be required, operating at 100 Hz both in phase and
2oJ 90* out of phase with the main wiggler current. Nonlinear

where the integral is over the chamber wall. Assuming a effects in the iron can result in time harmonics which might
stainless steel chamber with a' = 106 m0-1M-1, of thickness also require correction. Two beam position monitors out-
t = 1 mm and length L, having elliptical cross-section with side the wiggler separated by 900 in betatron phase, could
half-width a = 1 cm in the (vertical) y - direction and be used to determine the needed corrector strengths. The
b = 3.5 cm in the (horizontal) x - direction, we find, mks ends of the wiggler magnet should be designed to maintain
units, satisfactory orbit stability inside the wiggler [8].

7 a2b 2l 1 b2 - a 2  A more detailed discussion of some of the issues in this
P = La b F(-1,- -2; ) - (7) paper can be found in ref [9].

The hypergeometric function has the values F = 1 for
a = b and F = 8/31r for a2 < b2 . Taking Bf = 6 Acknowledgment
27r(100 Hz)(0.07 T)/vr2 (the V2/ factor is due to the sinu-soidal behavior of B• in the z direction) we find P/L = 4. We wish to thank M. Blume, D. Gibbs, J1. Hastings,

soial ehaiorof ,,in he diecton wefin PI = .5 K.J. Kim, D. McWhan and P. Siddons for helpful discus-
watts/m. A more accurate calculation taking into account
the actual field with period A. = 16 cm yields a power sion.
dissipation of 1 watt/period (i.e. 6.4 watts/m). The larger . REFERENCES
value is due to the increase in the wiggler field as cosh kx
away from the y - z plane. [1] N. Sakai, 0. Terashime and H. Sekizawa, Nucl. In-

strum. and Methods, Phys. Res. Sect. B 221, 419
(1984).
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[3] S. Yamamoto, H. Kawata, 11. Kitamora and M. Ando,
PRL 62 (23), 2672 (1989).

[4] C. Poloni, R. Brocco, B. Diviacco, R.P. Walker and
D. Zangrando, Proc. of the 1991 PAC.

[5] J. Safranek and S. Krinsky, in this proceedings.
[6] K. Halbach, NIM A250, 115 (1986).

.- .. . [7] K.J. Kiln, AIP conference proceedings 185, 565
W , ,(1987).

[8] K. llalbach, NIM A250, 95 (1986).
Figure 3 [9] A. Friedman, S. Krinsky and E. Blum, BNL report

No. 47317, March 1992.
Iron core magnet configuration.
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Magnetic Field Measurements of A Superconducting Undulator
for a Harmonic Generation FEL Experiment at the NSLS

L.Solomon, G. Ingold, I. Ben-Zvi, S. Krinsky, and L.H. Yu
National Synchrotron Light Source

Brookhaven National Laboratory, Upton, NY 11973, USA

W. Sampson and K. Robins

RHIC Magnet Division
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract- net, the sections are supported in a vertical cryostat with a

An 18mm period, 0.54 Tesla, 8mm gap superconduct- magnet holder which permits measurement of 2 sections, or

ing undulator with both horizontal and vertical focusing has 50 cm of magnet, at a time (Figure 1-left).

been built and tested. This magnet, which is fabricated in 25
cm length sections, is being tested for use in the radiator Measurement System
section (total magnet length of 1.5m) of the Harmonic Gen- For testing, the magnets are assembled into a alumi-
eration Free Electron Laser experiment at the National Syn- num box for clamping, with a precision ground spacer set-
chrotron Light Source - Accelerator Test Facility at ting the gap. A slot machined into the spacer serves as a
Brookhaven National Lab, in collaboration with Grumman guide for a G10 slider which holds an array of five hall
Corp. The measurement system is outlined, sources and probes for measurements. This probe array is required for
estimates of errors are described, and some magnetic field characterization of the field focusing due to the pole shap-
data are pre-sented and discussed. ing. Taking z as the long axis of the magnet, y as the main

direction of the undulator field , and x as the direction
Introduction orthogonal to both of these, the hall probes are mounted so

A three stage superconducting undulator (modulator, that one is nominally along the magnet centerline (x=y=O),
dispersive section, and radiator) is under construction at the and the others are displaced by 1.5 mm in the +y,-y,+xor -x
NSLS at Brookhaven for use in a high gain, harmonic gen- direction. The slider is attached to an actuator, and is
eration experiment.' The three stage undulator triples the driven with a stepping motor. The probe voltages are read

frequer-cy of a 10.4 micron CO2 seed laser using a 30MeV through either a HP data acquisition switching system, or
electron beam. The superconducting magnet yokes are iron through independent voltmeters. The control and acquisition
core with a pole face shaped for transverse focusing. The software is PC based.
magnets are machined in physical sections which are 25cm
long and are wound independently of each other. The full Hall Probes
length magnet is made up of several of these yoke sections, The hall probes used for testing are Siemens SBV604.
which are assembled end to end. There are no axial drift The probes are powered in series with an excitation current
spaces other than those between each of the three stages of of 50 mA, which gives a probe output voltage of about 27
the undulator. Additional design details and considerations microvolts/gauss. The power supply stability is = 50 ppm,
are provided in Ref.l. Prototype radiator undulator sections corresponding to = 0.3G. A third order fit to the probe vol-
have been built and tested. The test setup allows measure- tage as a function of field is adequate to the level of +/-0.75
ment of up to two sections (for a total magnet length of 50 Gauss, which is also the level of the repeatability of the
cm, with 27 periods) at a time. The testing results can be probe, at room temperature, as referenced against an NMR
used for sorting of the magnet yoke sections so that errors probe. Upon thermal cycling of the probe, the subsequent
from adjacent sections tend to cancel, analogous to the sort- dependence of voltage on field is unpredictable. Both cool-
ing and annealing techniques often used in permanent mag- downs which made little difference in the probe calibration,
net and hybrid wigglers. and cooldowns which significantly changed the calibration

The magnet pole faces are shaped to establish were observed. For this reason a Helmholtz coil was incor-
transverse focusing, which is accomplished with a 1mm porated into the test setup, permitting in-situ calibration and
depth and +/-3mm width parabolic cut in the pole faces. The cross calibration of the probes. The Helmholtz coil has a
flat pole region of the magnet has a 6mm gap. The 16mm radius, and although a larger coil gives a larger uni-
transverse focusing necessitates measurements with multiple form field volume, the difference in the coil field at the cen-
probes in order to map the transverse field profile. For test- tral probe as compared to the offset probes of the array is
ing of the magnet sections before assembly of the full mag- about 10 Gauss in a field of 5500G, so cross calibration

errors are minimal. Figure 1 (right) shows the output of the
*Work performed under the auspices of the U.S.Department of Energy
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5 probes of the array with the data for each probe shifted by the probes had angle errors below 4 degrees, with repeata-
the physical distance between each of the probes along z. bilities of +/-0.3 degrees. Application of pressure to main-
This data was taken at an excitation current of 75 amps in tain a desired orientation while the probes are being
the Helmholtz coil, which corresponds to about 8600 Gauss. mounted is not possible due to the mechanical fragility of
The different probe voltages are due to the different calibra- the hall element.
tions for each probe, and the fact that the probes are dis- The position of the active areas on the probes is
placed in x or in y from the center of the Helmholtz coil. repeatable and consistent between these two methods to +/-

.002". The axial position of the probes along the length of
the slider is redetermined in the superconducting undulator
magnet itself, both with the zero crossings of the magnetic

Helmholtz coil data - 5 probes fields which serve as extremely sensitive position markers,
I and with the data from the Helmholtz coil. The data

obtained from the undulator magnet in this way agreed with
.: the data taken in the lab on the slider to within 0.001".

-0.200 : Measurement Errors

• "The errors associated with the relative position deter-
mination of the hall probes directly affects the level to
which the absolute transverse field profile of the magnets

'S can be determined. As the spatial dependence of the field
increases, the sensitivity to the position information about

CL the probes also increases. Taking the probe location error as
-0L.25)• -+/-.002", and a field reading error of +/- 10 Gauss (i.e.

assume probe linearity is +/- 1% between calibration points
spaced 1000G apart), then the absolute value of the curva-

-M.Z75 - ture of the magnetic field can be determined to = +/- 10%,
____________ _ •and the centerline of the magnet can be determined to = +/-
0 0.250.500.751.001.251.501.75 70 microns. This absolute focusing determination error is

Position CinchdU within specification in terms of FEL performance.

Optical survey measurements have been made of the

Figure 1: slider in the magnet assembly, indicating horizontal and

Left: vertical motions of the slider below +/- 0.001" along the

A schematic of the magnet box supported within the verti- magnet length. Field reading changes due to these mechani-

cal cryostat for measurement of the magnet sections. cal translations and possible rotations are negligible (e.g. the
Right: change in peak field readings are below 0.03%).
Helmholtz Coil data of the five probe of the array at a field

of 8600 Gauss. Results

Measurements were made on two magnet yokes

Determination of the field profile requires both relative assembled end to end, and on a single magnet yoke. Mag-
probe calibrations, and knowledge of the relative positions netic field measurements were made at several fields (see

of the probes on the slider. A dual setup consisting of a nee- Table 1). The quench current for these magnets is 170

die magnet (an iron needle held and magnetized by a per- Amps. The peak field data highlights four magnet poles
manent magnet block) and a quadrupole magnet has been whose fields differ by more than 1% from the average.

used for this. The needle magnet provides a high spatial Mechanical inspection revealed large pole width machining

gradient field, in which the position of maximum probe out- errors for three of these poles (- 75 microns). All the

put voltage is searched for. The transverse (x) and axial (z) other poles were within 10 microns of an average value,
positions of the probes with respect to each other are deter- indicating that the stringent tolerances can be achieved.
mined. The magnetic center of the quadrupole provides a There is one remaining significant field error which has not

field point which can also be used to determine the relative yet been linked to a machining error. The yoke was

probe positions, taking into account the probe offset voltage rewound and all the four larger errors were present in the
in zero field. If there is no angle "error" of the probe on the rewound yoke data, indicating that all four are due to the

slider, i.e. if the probe is in the x-z plane, and therefore iron, and not the details of the winding. These four poles
senses only the y field, then the null readings of the field are have been left out of the calculation of the RMS field errors,
independent of y. The dependence of the null readings on y since we consider them errors which can be eliminated with
yields the probe angle with respect to the coordinate system improved machining procedures. When this is done, rms
of the quadrupole magnet. The data obtained indicate that field error levels at 15amps, where saturation effects in the
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iron are at a minimum (see ref. 1 for an excitation curve for Figure 3 shows the results of the transverse field
this magnet), give a rms peak field error of 0.1%. This is measurements for the magnet at 0.5amps, 15, 50, and 100
consistent with the measured machining tolerances of 10 amps. The 0.5A measurements are made with at room tern-
microns. As the current is increased, the field errors increase perature with single probe on a precision translation stage.
but level off, as seen in Table 1. This error increase with The cryogenic measurements (15,50,and 100 Amps) are
excitation is possibly due to inhomogeneities in the iron made with the multiple hall probe setup, i.e. there are three
which is reflected in a difference in the slope of the permea- probes along the y=O plane, which are cross calibrated in the
bility as a function of field for various parts of the yokes. As helmholtz coil. As the field increases from 1550 Gauss to
the iron saturates and it's mu value decreases, the contribu- 5800 Gauss, a decrease in curvature of about 15% is meas-
tion of coil placement errors to the peak field errors will ured, due to saturation effects in the iron. This change is
increase, consistent with Tosca predictions.3 The arreement between

i d 18220 G the 15A (multiple probe data) and the 0..A (single probe
Field 11550 G 30 G 5800 G 6675 G 722data) results is consistent with the error estimates due to

I(amps) 15 50 100 130 150 relative position and cross calibration errors.
RMS Error 0.1% 0.29% 0.35% 0.34% 0.33%9

Table 1 : Field (in Gauss), and RMS Variation in the Peak Field Profile
Field Values of a Magnet Section as a Function of Excita- 1.150 1 1 1 ,

tion Current. A different undulator section showed 0.22% fit - 0. 5A
RMS errors at 5OAmps. 1.125 Tosco -1 /

Tosc-70A -7
The 150 amp, 50 amp, and the 15 amp data is shown o.100- Data - 0.5A_

in Figure 2, integrated twice to give the electron trajectory 1,100 • Data - 15A
for a 30 MeV electron beam. These integrals contain the B Oata - 50A
four bad poles of the magnet which result from machining • 1.075
errors, discussed above. Though the rms field error changes. c"
by more than a factor of 3 as the current is increased from 1.050
15 to 150 • ups, the wander in the electron trajectory is
within +/- 20 microns for all currents (1/10th of the electron 1.025
beam radius, as required). This may be due to the fact that
as the iron saturates and mu decreases, the effects of the 1.000 -0
errors is increasingly localized, leading to compensating 0 0.5 1.0 1.5 2.0
effects in the trajectory. 2 New magnet pieces without the Position [md
large machining errors are being tested, and should show
improved performance.

Second Integral Data

200 Figure 3 Transverse Field Profile Measurements at 0.5A,
15A, 50A, and 100A compared to Tosca calculations at IA

O 0o -and 70A.
E(I SOA)
0
L 50 References

S1. G.Ingold eLal, IEEE PAC Conference Proceedings,
1993.

)SBO -40 C

0) (SOA) 2. K.Halbach, Private communication, 1993.
P -100/3. Tosca results provided by D.Weisenburger, Grumman

Corp,Princeton, NJ., 1992.

0 5A)

-250
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Figure 2 : The electron trajectories at 150,50,and 15 amp
excitation (top to bottom plots) corresponding to a 7220,
4030, and 1550 Gauss central field in the magnet. The plots
arc displaced vertically for clarity.
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Magnetic Performance of the NSLS Prototype Small-Gap Undulator*

George Rakowsky and Ralph Cover
Rockwell International, Rocketdyne Division

P.O.Box 7922, Canoga Park, CA 91309-7922
and

Lorraine Solomon
National Synchrotron Light Source

Brookhaven National Laboratory, Upton, NY 11973

Abstract chosen the high-performance 6 block/period version of the
Halbach PPM design [21, and employed multi-stage, multi-

The magnetic design of the pure-permanent magnet parameter performance optimization using simulated annealing
Prototype Small-Gap Undulator for the NSLS X-ray Ring is (SA) [3], as described in Section IV.
reviewed. Measurements of individual magnets, half-period The design calls for magnets with remanent field Br_>l. 2

modules and the complete undulator are described. Results of Tesla, a linear B-H characteristic extending well into the third
performance optimization, including minimization of optical quadrant, and tolerances of ±2% on variation of total magnetic
phase error, trajectory wander and integrated multipoles by moment and ±20 on magnetization angle. Suitable NdFeB
means of simulated annealing are presented.* materials are available. We chose I a local magnet fabricator 2

to supply Sumitomo NEOMAX 35H 3 material, to cut,
I. INTRODUCTION machine, magnetize and certify the magnets, and to assemble

the half-period triplet modules. Prior to magnetization, the
The NSLS Prototype Small-Gap Undulator [1] (PSGU) is a finished magnets were coated with aluminum chromate by

very compact insertion device, with magnetic length of only Sumitomo. Helmholtz coil characterization of the magnets
320 mm, 16 mm period, and a variable gap as small as 4 mm. was done by the Magnetics Group at Lawrence Berkeley
Its purpose is to study the effects of reduced vertical aperture in Laboratory (LBL).
the NSLS X-ray Ring, as well as to generate undulator radia- In the 6 block/period design, magnets are grouped into half-
tion at the first and third harmonics in the bands from 1.8 to period triplet modules, consisting of a vertically magnetized
3.8 and 5.4 to II keV. The project is a collaboration between (Type A) magnet flanked by two 60' (Type B) magnets. "Up"
NSLS and Rocketdyne, with NSLS responsible for the and "down" modules alternate in the array. The three magnets
vacuum chamber, mechanical structure and the dual gap forming each triplet were brought into alignment in a specMA
(magnetic and vacuum chamber) drive system, and Rocketdyne fixture and bonded under pressure with an anaerobic, fast-
building the PSGU magnetic assembly. The objectives of the curing, radiation resistant adhesive. 4 The triplets are positioned
magnetic design were to attain maximum brightness in the on the trays by stainless steel dowel pins and are held down by
desired energy bands and to meet the limits on integrated nonmagnetic clips. The magnets are thus constrained even if
multipoles dictated by X-ray Ring beam dynamics. The mag- the adhesive should fail.
netic assembly has been completed and delivered to NSLS. In Since the PSGU magnet gap drive system was unavailable
the following sections we review the magnetic design, the op- during magnet assembly, a fixed-gap test stand was built to al-
timization procedures and the measured magnetic performance. low repeatable positioning for bench measurements of mag-

nets, triplets, of the top or bottom half individually or the
II. MAGNETIC DESIGN complete magnet assembly, at a fixed gap of 6 mm. The com-

pleted PSGU magnetic assembly h2-_ been shipped to NSLS,
The PSGU is to be installed in the X13 straight section at where it will be mounted to the gap drive system while still in

NSLS and its total length cannot exceed 320 mm. For a its test fixture, so the initial magnet alignment will be
fundamental resonant optical wavelength •=5A, with e-beam preserved. Only then will the test fixture be removed.
energy E=2.5 GeV (r-4892), and a desired value of deflection
parameter K-1l, we chose the undulator period to be Xu=16 III. MAGNETIC MEASUREMENTS
ram, nominal gap g=6 mm and a peak field Bo=0.67 Tesla.
Depending on the type of termination, 18 or 19 full periods
can be accommodated in the available length. The desired field 1 Product and source data provided for information only.
can be attained with either pure permanent magnet (PPM) or 2 Magnet Sales & Manufacturing Co. Inc., 11248 Playa Ct.,
hybrid technology, using available NdFeB magnets. We have Culver City, CA 90230

3 Sumitomo Special Metals, 23326 Hawthorne Blvd.,
Suite 360, Skypark 10, Torrence, CA 90505

* Work performed under Brookhaven Contract No. 535600 and 4 Loctite #325 with Activator #707. Loctite Corp.,
U.S. Department of Energy Contract No. DE-AC02-76CH00016 Newington, MA (213)390-4357
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A. Homogeneity of Stock Blocks to integrator drift to <0.1% we typically averaged 10 scans per
measurement. Each scan took about 15 seconds.

To help reduce field errors due to magnetic inhomogeneity,
a 50x40x25 mm stock NEOMAX 35H block was cut into 15
PSGU-sized test magnets, which were then magnetized and
characterized by Helmholtz coil measurement at LBL. The
magnetic moment data indicated that only the samples from
the interior 2/3 of the volume had angle errors of <20. The
fabricator agreed to supply the PSGU magnets solely from this
core region of the large stock blocks. 4

B. Helmholtz Coil Measurements

The cut, coated and magnetized magnets were sent to LBL
for measurement of magnetic moments. The Helmholtz coil
data showed that for all 340 magnets the total magnetic
moment variation was well under 1%, (a=0.35%). Transverse
angle errors were < 1 for Type A and <20 for Type B magnets.
Inclination angle in the vast majority of A-magnets was
within 0+±2', as specified. However, in the B-magnets the
average inclination angle turned out to be 590 (rather than 600), Figure 1. PSGU magnetic asembl set up on its test stand for
with variations as large as ±5'. We accepted the 1V systematic measurements using the primed circuit integrating coil.

error, since its effect on the field would be minimal. However, D. Multipole Measurements
nearly 19% of the B-magnets were excluded due to excessive
angle error. From the Helmholtz coil measurements it was evident that

the dominant contributor to y-field error would be the variation
C. Integrating Coil Design of the inclination angle in the B-magnets. For this reason the

To predict the c-beam trajectory in a PPM undulator it is y-field dipole kicks of the B-magnets were measured in each of

necessary to measure the vertiaal (y) and transverse (x) field four possible orientations, using the integrating coil method.

components of each magnet or module along the undulator As expected, "up" and "down" kicks differed in magnitude by

axis . In the past we have done this with Hall probes. The up to +±1.5% (0.8% RMS). This data was input to the SA

scans were integrated numerically to give total dipole kicks, code. However, the A-magnets, as well as the x-field com-
which were then entered into a point-kick trajectory model. ponents of the B-magnets showed much less inhomogeneity,

and therefore for these components the Helmholtz coil data was
However, Hall probe measurements of 3D fields are subject to
"planar-Hall effect" distortion [4] which contributes an input to the SA code.

The half-period triplet modules were characterized in moreapparent DC offset and results in systematic trajcctory errors., detail, with measurement of both normal and skew dipoles,

Planar-Hall errors can be avoided by integrating the on-axis quadl easuresin e of two possie oreta
fiel ofsinle agnts r mdule diecty wth log ite-quadrupoles and sextupoles, in each of two possible orienta-

field of single magnets or modules directly with a long inte- tions, for use in trajectory optimization and multipole mini-
grating coil, as was done by Goodman et al. [5] and Poloni et mization by SA. Some 40 spare single magnets were charac-
al. [6]. For precise control of coil geometry, a 2-axis, 160- terized in the same way, in each of 4 orientations, to provide a
turn, 480 mm long coil was designed and fabricated using mul- selection of magnets for the terminations. The coil was also
tilayer printed circuit technology. The effective width of the y used to measure the integrated multipoles at all stages of
and x-field coils is 7.0 and 3.7 mm respectively. The coil was
long enough to measure the entire PSGU, as shown in the assembly, as well as of the complete undulator.
photograph in Figure 1. It was mounted on a high-speed trans- E. Integrated Dipole Profiles
lation stage, its midplane at a height of 3 mm (half the
nominal gap) above the test magnet, parallel to the nominal Initially, dipole profiles of representative single magnets
undulator axis. The stage moved the coil from a field-free and triplets were mapped, from which Ax=4 mm was found to
region to the axis and back. The induced voltages were give a good 3-point fit to the actual field profile in the vicinity
measured with an integrating voltmeter (fluxmeter). 5 Integrated of the magnetic axis. Dipole profiles were also mapped for
quadrupole and sextupole components were obtained by step- each unterminated and terminated tray, as well as for the
ping the coil ±Ax about the axis (3-point characterization). In complete PSGU. These measurements revealed a skew
addition, detailed dipole profiles could be measured by stepping octupole component, which suggests the need for 5-point,
the coil in small steps along the midplane. To reduce noise due rather than 3-point characterization of magnets and the

assembled structure. This could achieve flatter field profiles.
5 Model MF-5D Fluxmeter, Walker Scientific, Inc. Rockdale St.,

Worcester, MA 01606
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IV. MULTI-STAGE OPTIMIZATION 1.5 0.3

The PSGU performance was optimized by a three-stage iz 1 0.2a

process. First, magnets were selected from the pool of 284 ac- E 0.5 0.1 E
cepted magnets to form 40 "up" and 40 "down"-oriented half- V v

00 0 0period triplet modules. A Stage 1 SA code was used to mini- 0 -0.1

mize the total x-field dipole kicks and the variation in total y- -0.-0.1
kicks. Table 1 compares standard deviations cry and Ox for "0Z -0.2

triplets with constituent magnets selected (a) at random; (b) by 1

Stage 1 SA code; (c) with uncertainties in input data taken into -'0 V -0.3

account; (d) measured triplet kick errors; and (e) peak y-field o Z . o ,
variation and RMS x-field from field maps of the PSGU. Z (cm)

Figure 2. X and y trajectories in the PSGU. The x -scale is on
Table 1. Predicted and measured triplet kick and field errors the left, the y -scale is on the right (in kGocm 2 ).
Std.dev. (a) (b) (c) (d) (e)

G y 1.13% 0.15% 0.27% 0.38% 0.52% The optical phase error was obtained by computing the
I x 1.24% 0.13% 0.29%1 0.48% 0.18% cumulative path length error, relative to a best-fit sinusoid,

converted to optical degrees at the fundamental resonant wave-
The Stage 2 SA code then selected 36 "up" and 36 "down" length. The phase error is plotted in Figure 3. Statistical

triplets and their placement sequence to minimize RMS phase studies for a 24-period device [9] showed that to assure third
shake [71, RMS walkoff in x and y, and the normal and skew harmonic spectral brightness >90% of the ideal, error-free case
integrated dipoles, quadrupoles and sextupoles. (single-electron, on-axis calculation) requires that RMS "phase

After measuring the residual multipoles in the unterminated shake" 0 o<2*. Our results indicate that 0 o,<1.4°.
upper and lower trays, we used the Stage 3 SA code to select
12 magnets for the displacement-free terminations.[8] The e
results are summarized in Table 2. The final values are well 06

within design goals. 14
02

Table 2. PSGU integrated multipoles. 0

Multipole Goals Unterm Termin Units Uj -2

Dipole 100 -7 7 G-cm 1 .4

Skew Dipole 100 58 -20 G-cm - -60.
Quadrupole 10 -12 -5 gauss .8

Skew Quadrupole 100 -5 -18t gauss r
Sextupole 50 -6 -37 G/cm Z (cm)

Skew Sextupole 50 15 -30fI G/cm Figure 3. Cumulative optical phase error
tValues determined using Ax----2 mm. All others: ±4 mm.
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Design Considerations for a 60 Meter Pure Permanent Magnet
Undulator for the SLAC Linac Coherent Light Source (LCLS)*

R. Tatchyn, R. Boyce, I. Halbach, H.-D. Nuhn, J. Seeman, H. Winick
Stanford Linear Accelerator Center, Stanford, CA 94305, USA

C. Pellegrini
Department of Physics, UCLA, Los Angeles, CA 90024-1547, USA

Abstract scientific community in the area of PM undulators [8], the
continuing improvement of commercially available PM

In this paper we describe design, fabrication , and materials, and the advantage of relatively straightforward
measurement aspects of a pure permanent magnet (PM) analytical investigations, the LCLS group decided to base its
insertion device designed to operate as an FEL at a 1st initial undulator studies on a pure PM design. Upon
harmonic energy of 300 eV and an electron energy of 7 GeV consideration of a number of alternatives, the focussing
in the Self-Amplified Spontaneous Emission (SASE) regime. lattice was chosen to consist of current-driven iron

quadrupoles in a FODO configuration. As shown in Fig. 1, the
I. INTRODUCTION configuration selected for the PM undulator lattice is of the

standard type [9], with 8 magnets per period.
In recent years, progress in the development of short-

pulse, low emittance, laser-driven RF photocathode guns (1],
and in the modulation and control of high energy particle Standard PM Structure
beams [2], has made possible the consideration of linac-driven Lu
Free Electron Lasers (FELs) designed for SASE [3] operation ..
at 1st harmonic energies extending well into the soft x-ray
range. In this paper selected design considerations for an
undulator optimized for operation in the water window (300- 1 090509[ 8 9]0[801]
400eV) on a subsection of the Stanford Linear Accelerator E 3 D1[ M13 I El M'El El-G [88 0
Center (SLAC) 3km linac are described. Using three- I
dimensional SASE simulation codes reported on elsewhere PM blocks g

[4,5], the basic undulator parameters were derived from L ._ t1-
optimization studies incorporating: 1) the effects of thej II
undulator period Xu, 2) the field amplitude B0, and 3) a h PM block
strong external focussing P on both the undulator's effective rim"
gain parameter, Peff, and gain length, Lo (=Xu/4xV3Peff). Figure 1. Standard PM configuration of the LCLS.
Using the optimization goals of increasing the gain and
simultaneously reducing the gain length (to avoid overly long The PM blocks' dimensional and field parameters were arrived
undulator structures [6]) the following set of basic operating at by both analytical [9] and numerical field calculations. The
parameters was derived: quadrupole design follows from the computer-study

identification of an optimal betatron wavelength of 51.4m,
E (electron energy) = 7GeV le(emittance) = 3xl0"6 r-m which determined the necessary focal length of the individual
X (1st harmonic) = 40A I(peak current )= 2500A quads to be approximately 4.1m. The individual quad
,u(und. period) = 8 cm P(focussing) = 8.2m dimensions were arrived at by : 1) utilizing 50% of the

B0(field amplitude) = O.8T LG(gain length) = 2.37m longitudinal free space along the undulator to help reduce the
required quad gradients, and 2) specifying a minimum quad

Further simulation studies investigating the effects of field aperture radius of 6cm to inhibit the perturbation of the PM
errors on the SASE gain were also conducted [7], and the undulator fields by the quad yoke material. The resulting
results were used to help assess the minimal required basic parameters are given below.
mechanical and field tolerances of the undulator components.

PM Lattice narameters FODO lattice parameters
II. GENERAL DESIGN FEATURES ku = 8cm Quad aperture radius = 6cm

kmu = 2cm Quad outside diameter=20cm
Given the broad base of experience acquired by the h = 1.9cm Quad length =40cm

t = 1.9cm Quad gradient =15T/im
Supported by DOE Offices of Basic Energy Sciences and High w = 4cm FODO period =1.6m

Energy and Nuclear Physics and Department of Energy Contract DE- g = 1.5cm Phase advance per cell=1 1.50
ACO3-76SFOO15. Br 1.08T Total Pwr. Budget -300kW
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III. MECHANICAL DESIGN FODO lattice, is shown with a minimal repeating set of
system components. For clarity, a schematized and enlarged

As depicted in Fig. 2, the basic approach to the cross section of the LCLS undulator is shown in Fig. 4.
mechanical design of the LCLS undulator is modular. Two
basic reasons for this are: 1) simplification and statistical
control of the fabrication and field measurement processes;
and 2) facilitation of the installation and alignment of the LCLS Cross Section
undulatorin the SLAC FFTB tunnel [10] prior to operation.

Spacer 1/2" Diameter

LCLS Permanent Magnet Undulator Bl Vacuum Pipe

Pump Port

REC-.S 1.6 meter Module

• ,,._6.4 meter ModuleII

(thermally stabilized)

qSLAC Linac Laser Alignment Pipe 1.6 m Support
Beam

Figure 2. LCLS undulator layout showing modular sections.

Given the possibility of tuning the 1st FEL harmonic by MOW
varying E, the conventional use of undulator jaw motion was
determined to be dispensable, making possible the design of a Figure 4. Selected component details of the LCLS insertion
relatively simple support system for the PM and quadrupole device in cross section.
lattices. At the same time, the small gap necessary for the
attainment of the required B0 introduced troublesome design The field gap is set by spacer blocks with optional
obstacles to the incorporation of the necessary system provisions for limited PM adjustment designed into the
components. In Fig. 3, the basic modular unit of the LCLS, a keepers. The computed force/period on each linear PM array
1.6 meter PM lattice section integrated with one period of the for the given parameters is approximately 90lbs, necessitating

careful attention to the mechanical and compositional details

(1.6 meter Module) and Steering Corrector of the keeper assemblies. To allow for longitudinal phasing
control and attitude alignment, precision translators are
indicated for y-z alignment of each 1.6 meter module. Not

Beam Posit.on Monitor explicitly shown are: 1) short magnet block assemblies for
Focussing Ouad Xcontinuing the PM lattice in proper phase from one module to

the next, 2) coarse y-adjustment provisions for each 6.4m
module, 3) a water-based thermal stabilization system for
suppressing temperature deviations in excess of ± 0.5°C along

Permanent Magnet the entire length of the LCLS insertion device, and 4) in-
Vcuum3"ou Lattice vacuum Beam Position Monitors (BPMs).

Vacuu Piameer IV. TOLERANCES

PM Support , The assessment of the effects of random field errors and their
1.6 meter -- Y-Z Alignment correction on the SASE gain process was based primarily on

Support Beamn Translators comprehensive 3-D simulations [7]. These simulations, which
yield the expected degradation of SASE in the LCLS as a
"function of random magnetic errors and the precision of

Figure 3. Selected mechanical and electrical details of a 1.6m compensating orbit corrections, indicate a reduced sensitivity
LCLS module. of the FEL gain to field errors, especially in the high gain
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regime. The results of these studies suggest that dimensional resolve selected tolerance and field measurement issues
and field tolerances typical of the best currently available "3rd raised by our analytical and numerical studies.
generation [8]" magnets should result in passable performance
of the LCLS provided: 1) the magnets are optimally sorted; VI. REFERENCES
2) sufficiently precise orbit detection is achieved; and 3)
equally precise orbit correction is implemented every 3m or [1] J. Rosenzweig, J. Smolin, and L. Serafini, "Design of
less. In practical terms, typical magnet field strength a High Brightness Photoinjector for the SLAC X-Ray
tolerances of 0.1%-0.2% and easy axis orientation errors of < Linear Coherent Light Source," this conference - Mal0,
5 mr would be required. Typical positional tolerance on the, 1993.
say, vertically oriented magnets in Fig. 1 lie in the <151i [2] K. Bane, T. Raubenheimer, J. Seeman, "Electron Transport
range. Using these figures, typical field vs. temperature of a Linac Coherent Light Source (LCLS) Using the
coefficients (e.g., -0.03%/*K for Sm2Co5) lead to the above- SLAC Linac," this conference - 3119, 1993.
cited requirement of a s ± 0.5°C temperature variation along [3] B. Bonifacio, N. Narducci, and C. Pellegrini,
the undulator's PM lattice. A number of closely related "Collective instabilities and high-gain regime in a free
tolerance parameters, such as, e.g., the accuracy of the BPMs, electron laser," Opt. Commun. 50(6), 373(1984).
are expected to be difficult to attain under the design [4] K.-J. Kim, "Three Dimensional Analysis of Coherent
constraints of the LCLS, and directed development is likely to Amplification and Self-Amplified Spontaneous Emission
be required to attain the design goals. in Free-Electron Lasers," Phys. Rev. Lett. 57(15),

1871(1986).
V. FIELD MEASUREMENT ISSUES [5] C. Pellegrini, "A 4 to 0.1 nm FEL Based on the SLAC

Linac,"Proceedings of the Workshop on Fourth Generation
An important procedure for attaining an undulator field of Light Sources, M. Cornacchia and H. Winick, eds., SSRL,

the requisite quality consists of accurately measuring and Feb. 24-27, 1992, SSRL Pub. 92/02, p. 364.
sorting the magnets to reduce the field irregularities that [6] R. Tatchyn, "Optimal Insertion Device Parameters for
adversely influence gain [11,12]. An important advantage of SASE FEL Operation," ibid., p. 605.
the modular configuration of the LCLS undulator is that this [7] K. Kim, M. Xie, E. Scharlemann, C. Pellegrini, G.
procedure can be applied to sections whose length is typical of Travish, "Performance Characteristics, Optimization, and
lst-3rd generation insertion devices, and can consequently be Error Tolerances of a 4-nm FEL Based on the SLAC
expected to attain the necessary field quality without Linac," this conference - Mb26, 1993.
unexpected difficulties. However, the total length of the [8) P. J. Viccaro, R. Tatchyn, and R. Coisson, "Summary of
LCLS insertion device represents an order of magnitude the Insertion Device Working Group Discussions at the
increase over conventional structures, and the problem of SSRL Workshop on 4th Generation Synchrotron Light
measuring its entire field following assembly appears difficult Sources," Proceedings of the Workshop on Fourth
to resolve. Evidently, this raises the issue of the final Generation Light Sources, M. Cornacchia and H. Winick,
alignment of the device prior to operation. If no suitable eds., SSRL, Feb. 24-27, 1992, SSRL Pub. 92/02, p. 86.
method of alignment based on the full field measurement is [9] K. Halbach, "Physical and optical properties of rare earth
developed, it may prove necessary to turn the FEL on and cobalt magnets," Nucl. Instrum. Meth. 187, 109(1981).
attempt to align it by using the emitted radiation and suitable [10] H. Winick, K. Bane, R. Boyce, K. Halbach, K.-J. Kim, G.
detector arrays. To this end, it will be important for the field Loew, P. Morton, H.-D. Nuhn, J. Paterson, C. Pellegrini,
quality over a single gain length to be high enough to produce P. Pianetta, D. Prosnitz, J. Rosenzweig, J. Seeman, T.
the required (i.e., observable) gain. A backup strategy that has Raubenheimer, T. Scharlemann, R. Tatchyn, G. Travish,
been considered is to further reduce the field and fabrication V. Vylet, M. Xie, "A 2-4 nm Linac Coherent Light
tolerances by a factor of 2-3 beyond the above-cited Source (LCLS) Using the SLAC Linac," this conference -
minimums to minimize the number of controls required for F7, 1993.
successful operation. In either case, the complete fields of at [11] A. D. Cox and B. P. Youngman, "Systematic selection of
least the (16) 3.2m subsections of the 6.4m modules will undulator magnets using the technique of simulated
evidently need to be characterized with exceptional accuracy. annealing," SPIE Proceedings No. 582, 91(1986).
To this end, the development of existing or novel techniques [12] G. Rakowsky, "Considerations for Optimizing the
capable of rapid and accurate field measurement (13] is Performance of Permanent Magnet Undulators,"
expected to play an important role in the successful Proceedings of the Workshop on Fourth Generation
implementation of the LCLS. Light Sources, M. Cornacchia and H. Winick, eds., SSRL,

At present, we are continuing our research activities in a Feb. 24-27, 1992, SSRL Publication 92/02, p. 86.
number of the directions described in this note. A short [13] R. W. Warren, "Limitations on the use of the pulsed
prototype section is in the process of being prepared to help -wire field measuring technique," Nucl. Instrum. Meth.

A272,257(1988).
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ADJUSTMENT AND MEASUREMENT OF A HYBRID UNDULATOR

Wu Bing, Ma Youwu, Liu Bo, Zhang Zhaoming
China Institute of Atomic Energy

P.O.Box 275(17), Beijing 102413, P.R.China

Abstract meantime, magnetization strength of 400 mag-
Adjustment and measurement of a hybrid net blocks(45mmx30mmx8mm) were measured,

undulator have been discussed. The magnetic and 200 blocks were sorted and optimized
field quality is limited by factors such as using Simulated Annealing method [2). Unfor-
inhomogeneities of the permanent magnets, tunately, the quality of measured magnetic
fabrications and assembly errors. Considering field after the first assembly is poor, the rms
these factors, re-sorting of aluminum holders peak field error is around 3%. The poor quali-
using Simulated Annealing method and iron ty results from following reasons: (1) inaccu-
shimming have been used for the adjustment rate measurement of the permanent magnets
of undulator. The measured rms field error before sorting; (2) imperfectness of fabri-
was reduced from 3% to 0.3%, the electron cation and assembly, the real mechanical
trajectory deviation is around 0.1mm. During tolerances are much higher than what we re-
our magnetic measurement, small variation of quired; (3) large deflexion(around 0.4mm) in
magnetic period length was observed. An ap- the middle of two aluminous baseplate.
proach to reduce the deviation of relative Generally, less than 0.5% of rms field er-
phase of electrons in the ponderomotive po- rors is required for a high quality undulator.
tential, which will lead to the reduction of Special adjustment must be adopted to reduce
laser gain degradation due to magnetic field the rms error from 3% to 0.5% for our undulat-
errors have also been discussed. or. In the second section of this paper, we will

introduce our process of adjustment. In the
1 .. INTRODUCTION third section, we will discuss the small varia-

A typical Halbach REPM-steel hybrid undu- tion of magnetic period length we found
lator is under construction for a free electron during measurement. Finally, an approach to
laser(FEL) project in CIAE. It is 1.5m long, correct the magnetic field errors for reducing
including 50 magnetic periods, each 30mm. The the gain degradation have been presented.
magnetic field on axis is 3 KG at 1.3cm gap.
Fig.1 shows its mechanical layout. Two per- 2. ADJUSINENT
manent magnets (SmCos, 2:17) and two steel At present, two effective methods of tuning
blocks are glued in an aluminous holder which an undulator to the desired field quality are

tuning of magnetic gap (31 and iron shimming
(4]. Tuning of magnetic gap does not work

... well in our undulator because of mechanical
difficulties, and it is impractical to reduce

. - field errors from 3% to 0.5% only by means of
S•i~ /..-shimming. So, at first we disassemble our

.4..' undulator to re-sort the aluminous holders.i.,:• _• • ,.-:-.• ::. ........... .(1) re-sorting of aluminous holder

After disassemble the undulator, we again

. .use Simulated Annealing method to re-sort the
..... magnetic period units so that the rms field

error is reduced to a much lower value. As
presented in section 1, field errors result

we call as a magnetic period unit. 100 units are from inaccurate measurement of permanent
in turn bolted into the magnetic taper slots, magnets and imperfection of assembly and
three sections of the slots are fixed into the fabrication, quantitative relationships be-
baseplate. Before its construction, possible tween these errors will be useful for the
assembly and fabrication imperfectness which calculation of cost function in Simulated
would result in magnetic field errors had been Annealing calculation. Careful measurement of
analyzed [1], and necessary strict mechanical mechanical errors, including: deflexion of
tolerance were required: the tolerance of aluminous baseplate, the flatness of the mag-
thickness of the magnet(or pole) was limited in net and steel pole surface of a magnetic
0.08mm, the gap tolerance was 0.03mm. In the period unit, are completed. these two factors
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are the main reasons of magnetic gap error. netic field point, demonstrating the small
Empirical formula have been developed and

described elsewhere [5]. Much more accurate |
magnetic measurement of magnetic period
units can be achieved now, because a new
magnetic measurement system [6] have been
completed in 1991. Measurement of single
magnet is impossible because it is glued in the
magnetic period unit. Fig.2 st - the sketch

q1 gf 9? 94 Z(mm) 0.2

o1 3045 60

Fig '

of measurement of magnetic field and surface '..
flatness of a unit. 5 special points of magnetic variation of Xw. In our magnetic measurement
fields B1 ,B2 ,B3 ,B 4,Bs, containing the informa- system [6], a photo-electric encoder is adopt-
tion of inhomogeneity of permanent magnet ed to detect the displacement of the GaAs hall
and g9,g 2 ,g 3 ,g 4 , indicating the gap errors, are probe with the precision 0.005mm. In a scan of
all used in the evaluation of magnetic errors our measurement, we acquire 1 magnetic data
along the axis of undulator [5]. Considering all every 0.1mm, 300 data points per period. Some
these mechanical errors and inhomogeneity of 0.1mm variation of kL, were observed. In sev-
magnets, peak magnetic fields calculated by eral periods, variation reached 0.3mm. From
the empirical formula well correspond with the aw=eBwA/2nmc, we can see, X)W of 1% variation
measured peak magnetic fields. So, in the cal- will equally change the value of aw with the
culation of cost function of Simulated Anneal- Bw of 1% variation. This should be paid
ing technique, these empirical formula can be attention to, it means that variation of A, is
reliably used. also an important reason for the error of a,.

After the magnetic period units were re- It is possibly because of insufficient mea-
sorted, the undulator was reassembled. The surement data points in a period so that the
measured rms peak magnetic field error is variation of XW has rarely been mentioned. For
reduced to 1.3%. example, if XW=30mm, 1 data point is acquired
(2). Shimming per 0.3mm, the variation of A. can not easily

Shimming is widely adopted as an efficient be observed. Though we have not scan our
technique in adjustment of undulator. undulator with 0.1mm per step before shim-
Through shimming, the rms error of our undu- ming, we think shimming should be an impor-
lator is easily reduced to 0.3%. Fig.3 shows the tant reason for the variation of AW.
measured magnetic field. Then, little extra
shimming was carried out, which reduced the 4. AN APPROACH TO REDUCE THE GAIN
deviation of electron trajectory to around 0.1- DEGRADATION
mm, as shown in Fig.4. The effects of random fieli errors on the

performance of free electron laser have be-
3. THE VARIATION OF LENGTH OF MAGNETIC come a topic of recent concern. The random

PERIOD magnetic field errors will result in [7]:(1)
The variation of magnetic period length 1-. Random walk of the electron beam centroid,

have rarely been mentioned before. During 8x; (2) Deviations of the relative phase of the
measurement of our undulator, we discovered electrons in the ponderomotive potential, 8T,
that, A. is not strictly equals to 30mm. As both leads to the loss of radiation gain. Steer-
designed, there should be a zero magnetic ing can be used to reduce the gain degrada-
field point every 15mm. In fact, there is small tion results from 8x [8]. Another method--
variation of distance between two zero mag- floating wire technique has been developed
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and facilitate the adjustment of undulator in calculated GO) the gain loss is obviously de-
reducing 8x. Though adjustment of 68 has creased, and Go is near the ideal value. Now a
been suggested [7] and discussed in more verifying numerical simulation code is under
detail [101, it has not been tried before and developing.
should be highlighted because reduction of 8x
does not indicating smaller 86 , and 6* con- 5. CONCLUSIONS
tributes a large part of gain loss due to mag- Our adjustment of undulator is efficiently
netic field errors. In section 2, we have dem- proved, the quality of undulator is good both
onstrated the reduction of 8x through shim- in rms peak magnetic field error and in ampli-
ming, now we want to reduce 6* through tude of transverse trajectory wander 8x.
shimming too. Variation of Xw is observed, and variation of

aw, instead of Bw, is the magnetic parameter both Bw and Xw are reasons of gain degra-
we will adjust, because it directly relates to dation. If the distribution of errors of Bw, ;-w
the gain and efficiency of our free electron is rearranged, the deviation of relative phase
device, and as shown in section 3, the error of of electrons in ponderomotive potential can be
aw included the variation of both Bw and XW reduced and loss of gain can be reduced. Here
which are both the main reasons of 6* . The we emphasize the practicality of adjustment of
same value of rms errors but different distri- 6*, and we will try it in our next step of
bution of errors of aw may result in different adjustment of our undulator.
86. Our approach is to adjust the variation of
Bw(here we use the amplitude of 1st harmonic) 6. REFERENCES
and Aw, on condition that this adjustment does (1] M.Youwu, et al., "Hybrid Undulator Design
not result in large change of 6x, so that the and Field Error Analysis, Proc. of 2nd
distribution of a,, is changed, 6* is reduced EPAC, 1990, France, Vol 2, P1377
and loss of gain decreased. [21 Wu Bing, et al., "Optimization of Magnets in

Here, for the first step of our approach, we an Hybrid Undulator", Young Men's First
only consider the small signal gain Go. We use Professional Conference of China Laser
formula of Gain function [111 to calculate G0 . Science and Technology. 1991, YanTai,
Some parameters used in the simulation are China(in Chinese)
following: [3] Varfolomeev, et al., "Large-field-strength
Average electron energy 24.89 MeV Short-period Undulator Design". Proc. of
Energy spread 1% 13th International Free Electron Laser
Density of beam current 300 A/cm2  Conference, Santa Fe, NM, USA, 1991, P813
Length of undulator 1.5 m [4] S.C.Gottschalk, et al., "Wiggler Error Re
Length of a period 30 mm duction Through Shim Tuning", Nuci. Instr.
Ideal aw 0.86 & Meth. A296(1990), P579
Wavelength of laser 10.6 pm [5] Wu Bing, et al., "Field Error Analysis

Fig.5 shows calculated Go as a function of During Adjustment of a Hybrid Undulator".
undulator length (in terms of period number). Proc. of 5th Particle Accelerator Confer
Curve 1 is the result when using ideal aw. ence of China, 1992, Beijing, China(in chi

nese)
0.6 •[61 Liu Bo, et al., "A Magnetic Fields Measure

o -- Curve I ment System for Undulator". to be pub
-- Curve 2 lished in China Nuclear Science & Tech

.4 Curve 3.o g R
,7|EEsnology Re port.

9. ( 71 E.Esarey, et al., "The Effects of Wiggler

- Errors on Free Electron Laser PerformanA ce", Nucl.Instr. & Meth., A 296(1990), P423

4. L ___ [81 C.J.Elliott, etal., "Detrapping from Magnet
, ,S N U * •ic Field Errors as a Random Walk Escape",

Z a o0 i ads Proc. of 14th International Free Electron
qro S. Laser Conference, Kobe, Japan, 1992

Curve 2 is the result of using real magnetic [9] L.H.Yu, et al., "Reduction of FEL Gain Due
data (aw of each period), obviously the gain is to Wiggler Errors", Proc. of 13th Interna
reduced. Now, we simulate change of aw within tional Free Electron Laser Conference,
1.5% in 10 different period, we think this can Santa Fe, NM, USA, 1991, P500
be managed in our adjustment without obvi- [101 Charles.A.Brau, "Free-Electron Lasers",
ously changing the 8x. Curve 3 shows the Academic Press, 1990, P105
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Coherent Radiation at Submillimeter and Millimeter Wavelengths

M. Oyamada, R. Kato, T. Nakazato, S. Urasawa, T. Yamakawa, M. Yoshioka
Laboratory of Nuclear Science, Tohoku University

Mikamine, Taihaku-ku, Sendai 982, Japan
M. Ikezawa, K. Ishi, T. Kanai, Y. Shibata and T. Takahashi

Research Institute for Scientific Measurements, Tohoku University
Katahira, Aoba-ku, Sendai 980, Japan

Abstract In 1989 the coherent effects in SR were observed for the
The paper describes the experimental results on coherent first time by using Tohoku 300 MeV electron linac. [1]

synchrotron radiation(SR), coherent Cherenkov radiation(CR) Careful efforts have been done to get the complete spectrum
and coherent transition radiation(TR) at submillimeter and from a few tenth mm to several mm wavelengths region. [2]
millimeter wavelengths. Coherent radiation intensities vs. He- Figure 1 shows the observed spectrum of coherent SR.
gas pressure are shown at X = 500 nm and 4 m. Angular Intensity was calibrated absolutely by black body radiation of
distributions of coherent CR and/or coherent TR were obtaind 1500 K. The accuracy of the absolute intensity of coherent SR
in vacuum and at the atmospheric pressure. Coherent TR after correction was estimated to be within a factor of 1.5. The
spectra at different emission lengths were obtained at X = 0.2 spectrum shows a broad peak at the wave length X = 1.5 mm
- 5 mm. and the peak intensity is enhanced by a factor of 5 x 106 in

1. INTRODUCTION comparison with ordinary incoherent SR. The enhancement
factor is comparable with the number of electrons in a bunch.

Complete spectrum of coherent synchrotron radiation, The bunch form factor was derived from the observed
produced by the passage of mm long electron bunches through spectrum normarized by the incoherent spectrum and the
a bending magnetic field, has been obtained. [1],[21, [3] Our square of the number of electrons in a bunch. The electron
results on coherent SR have been supported by Blum et al. distribution function in the bunch was obtained by the Fourier
using a linear accelerator at Cornell University. [4] Ohkuma et transform of the bunch form factor and the half width of the
al. observed the high-intensity coherent Cherenkov radiation distribution curve is = 0.25 mm.
emitted in air from a high current single bunch at Osaka The spectrum in the region X > 2 mm declines below the
University. [5] Happek et al. observed coherent transition theoretical tendency of the incoherent SR spectrum which
radiation at Cornell. [6] We have measured the coherent CR does as X-1 3 . This suggests the suppression effect of coherent
spectrum and angular distributions at the wavelengths of 0.6 to SR by a metallic boundary condition as predicted by Nodvick
4.0 mm and the coherent TR ones at 0.2 to 6.0 mm using a and Saxon. [8] This effect will be discussed in another paper
grating-type spectrometer and a polarizing interferometer. at this conference. [9]
Broad peaks of the angular distributions of coherent CR and
coherent TR were observed at the angles larger than the usual
Cherenkov angle, cos-l(l/np), and the transition radiation 2- I0
angle, l/y, respectively. Bunch shapes were estimated by
Fourier analysis from these spectra, and they agreed with one
from coherent SR spectrum. 3 1O' 3

M
II. COHERENT SYNCHROTRON RADIATION

"a 12
Michel pointed out that intense coherent SR could be a 0

observed from bunched electron beam. [71 The intensity of E
coherent SR is given as follows; loll

C:

Pcoh(A) po(A)N,[1 +(N,- 1)'(A)], 0

Sp o(A)N,[1 + Nj(A)]. (1)
I--.- o I

S2 10 9 - °O

f(I) = exp(i27r/,A).S'(x)d•x (2) W 1- 10
Ij I 0 I

WAVELENGTH (mm)
where po(k) is the intensity from an electron, f(.) bunch form
factor, S(x) the density distribution of electrons and Ne the Figure 1. The Observed spectrum of CSR. The intensity
number of electrons in a bunch. is calibrated by blackbody radiation of 1500 K.
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III. COHERENT CHERENKOV RADIATION 102
Coherent CR using travelling-wave linac has been

investigated in the microwave region. [I0J,[lII They found pth=126mnHg
that the peak in the microwave CR occus at an angle much
larger than that expected from application of the ordinary .- Z
Cherenkov formula, 0 = cos-l(l/n). -<nth! n>nth /

Figure 2 shows the schematic layout of our recent l
experiments on coherent CR and coherent TR. Titanium beam W
windows (WI,W2) of 20 pm separates the vacuum between Z 10'

the linac and an experimental chamber, which is evacuated or -
filled with He-gas at various pressures. Movable aluminum .
foil (15 pm thick) bounds the emission length from 75 mm up - -O Z
to 880 mm and emitted radiation is guided to the spectrometer <4 mm(Z=122m)

using plane mirrors (MI, M2, M3) and a spherical mirror L(M3). The grating-type far-infrared spectrometer was used /CA
with liquid-He cooled Si-bolometer in the far-infrared region 100
and photomultiplier tube in the visible region, respectively. 10- -L<-
The experiments were performed at 150 MeV and energy i
spread of electrons was 0.2% using momentum analyzer.

Figure 3 shows the relations of the coherent CR and/or 0 200 400 600 800

coherent TR intensities vs. He-gas pressure at the emission PRESSURE (mmlHg)
length L = 165 mm. The open and solid circles show the Figure 3. The relation of the intensities of CCR and/or
observed intensity at X = 500 nm and 4 mm, respectively. The CTR vs. He-gas pressure.
dashed and broken curves show the theoretical values for each
wavelengths. The intensities are normalized to those in W=5OO=nm vac. . X=500nm 760mmHg
vacuum. The pressure of the Cherenkov threshold Pth and the . 2 ".2 1 .00" ,•Z :- 1 0 0 -
formation length Z at the atmospheric pressure are 126 Z
mmHgand 17.1 mmat?=500nm, and 127mmHg and 138 - ,.
m at X = 4 mm, respectively. The intensity at X = 500 nm
increases rapidly above the Cherenkov threshold pressure. On 1 > 50
the other hand, in the case of X = 4 mm, the intensity is almost t
constant and independent or the pressure. This suggests that z C

the observed radiation at X = 4 mm should be transition
radiation from an aluminum foil. The horizontal angular -- 200 0 200 - -200 0 200

distributions obtained in vacuum and in atmospheric He-gas, vac.
at X = 500 nm, 1 mm and 4 mm, are shown in figure 4. The . a. . 760 mmH
broken lines, dotted lines and solid lines show horizontal and 3 -x""3 =m3

vertical components, and total intensities, respectively. , --,

.. D.1

C2-2

SP..... .... . ........ '*....
.. . 0 , .. .. , 0

vacuum =an atm Hg =4mm

6M3 1 5

MANSPCTROMTER

VALVE 
...... .0.

-200 0 200 -200 0 200
Figure 2. The schematic layout of the CCR and CTR ANGLE (mrad) ANGLE (mrad)
experiments.

Figure 4. Angular distributions of CCR and/or CTR in

vacuum and atmospheric He-gas.
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IV. COHERENT TRANSITION RADIATION < 1015.. .. , .. ..

The intensity of metal-vacuum TR is given as follows,
[12] l o10 14 B B

P 2pf{1 - cos(L/Z)} 1013 _
.)A

o -

a ,,2- s i, 1- 0 .=, , ,

pf ,t47r 2 ,(_ cos 0)2' (4) 0 108 "-

A(5) 10 A " -

S= 2(1 3cos 0)' - " "z 106 '

where cx, 3, 0, and L are the fine structure constant, the ratio of r-
a velocity of electrons to that of light, the angle between the 5Z 105 . . .. '.. .

direction of the observing point and the trajectory of electrons, - 0.1 1 10
and the emission length of TR. Z defines a formation length.

A spectrum of coherent TR emitted from 150 MeV WAVELENGTH (mm)
electron bunches passing through aluminum foil has been Figure 5. Coherent TR spectra at different emission
observed in the wavelength region from 0.2 mm to 5 mm. The lengths.
intensity at wavelength of 1 mm is enhanced by a factor of 0.9
X 106 in comparison with that of incoherent TR. This factor is VI. REFERENCES
about a quarter of the number of electrons in a bunch. The [1] T. Nakazato et al., "Observation of Coherent Synchro-
intensity shows nearly quadratic dependence on the electron tron Radiation," Phys. Rev. Lett. 63, 1245-1248 (1989).
beam current. The electron distribution in a bunch has been [2] K. Ishi et al., "Spectrum of Coherent Synchrotron
derived from the observed spectrum. It has the full width at Radiation in the Far-Infrared Region," Phys. Rev. A43,
half maximum of 0.28 mm and agrees with the value derived 5597-5604 (1991).
from the coherent SR experiment. Figure 5 shows the [31 T. Nakazato et al., "Spectrum of Coherent Synchrotron
observed spectra from the emission lengths of 156 mm (A) Radiation," Conference Record of the 1991 IEEE
and of 872 mm. The intensities are given in the unit of photons Particle Accelerator Conference, Vol. 2, pp. 1118-1120.
per second per I % band width at a beam current of I IsA. [41 E. B. Blum et al., Observation of Coherent Synchrotron
Vertical bars show estimated observational errors. The dashed Radiation at the Cornell Linac," Nucl. Instr. & Meth. in
lines show the theoretical intensities of incoherent TR for the Phys. Res. A307, 568-576 (1991).
emission lengths of 156 mm (A) and 872 mm (B). The [51 J. Ohkuma et al., "Measurement of Coherent Cherenkov
observed intensities have been confirmed to be proportional to Radiation from an Intense Beam of a Picosecond
the square of emission length at these wavelengths. Electron Bunch," Phys. Rev. Lett. 66, 1967-1969 (1991).

V. CONCLUSION [61 U. Happek et al., "Observation of Coherent Transition
Radiation," Phys. Rev. Lett. 67, 2962-2965 (1991).

Complete spectra of coherent SR and coherent TR have 171 F. C. Michel, "Intense Coherent Submillimeter Radiation
been obtained. The bunch lengths derived from these spectra in Electron Storage Rings," Phys. Rev. Lett. 48, 580-583
coincide each other. Bunch length monitor using coherent SR (1982).
and coherent TR is useful for a short bunch accelerator [81 J. S. Nodvick and D. S. Saxon, "Suppression of Coherent
operation. Radiation by Electrons in a Synchrotron," Phys. Rev. 96,

Coherent CR is not so intense in the case of short 180-184 (1991).
emission length even though the pressure is above the 191 R. Kato et al., "Suppression of Coherent Radiation in
Cherenkov threshold. Electron passing through a beam Conducting Boundaries," in these proceedings.
window emit intense coherent TR. [101 F. R. Buskirk and J. R. Neighbours, "Cherenkov Radi-

The intensity of the coherent TR is proportional to the ation from periodic electron bunches," Phys. Rev. A28,
square of emission length which is much shorter than 1531-1538 (1983).
formation length. Broad peaks of the angular distribution shift [111 J. R. Neighbours et al., "Cherenkov Radi-ation from a
to the angle larger than the theoretical transition angle, 1/y. finite-length path in a gas," Phys. Rev. A29, 3246-3252

Intense coherent SR and coherent TR are useful source (1984).
for spectroscopy. 1121 L. Wartski et al., Appl. Phys. 46, 3644 (1975).
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in Conducting Boundaries*

R. Katot, T. Nakazato, M. Oyamada, S. Urasawa, T. Yamakawa, M. Yoshiokit,
Laboratory of Nuclear Science, Tohoku University

Mikamine, Taihaku-ku, Sendai, 982, JAPAN
M. Ikezawa, K. Ishi, T.Kanai, Y. Shibata and T. Takahashi

Research Institute for Scientific Measurements, Tohoku University
Katahira, Aoba-ku, Sendai, 980, JAPAN

Abstract compressors of high energy linear colliders or bending arcs
of large storage rings.

The intensity of coherent synchrotron radiation was mea-
sured in the presence of finite parallel plate metallic shields II. THEORY
with a variable gap by using the Tohoku 300 MeV Linac.
The results can be qualitatively explained by the theory of Here we account for the suppression theory discussed by
suppression effect obtained by Nodvick and Saxon. Nodvick and Saxon for a beam circulating between two

infinite parallel conducting plates. Assuming that these
I. INTRODUCTION plates exist at z = ±a/2 in three dimension (r,o,z) and

that an electron bunch moves in the z = 0 plane in a cir-
In early 1940's it was predicted that bunched electrons cular orblt if radius R with angular velocity wo, the power

might radiate coherently at wavelengths comparable to or Pooh coherently radiated by electrons can be expressed as
longer than the bunch length, and that the radiation loss
from all the electrons would be proportional to the square Poh = N2  Pf (1)
of the number N of electrons in the bunch. According to where N is the number of electrons in one bunch, f, is
this idea ,the shorter the bunch length would be, the more the bunch form factor, and P, is the power radiated in the
serious the electron energy loss would become. However n-th harmonic by an electron.
coherent radiation loss has not observed for long years. P,1 obtained by Nodvick and Saxon, in MKSA unit, is

It was considered that this reason was suppression effect approximated in the case of f approaching unity as
due to metallic walls of the vacuum chamber. This idea was
developed by Schwinger. Afier that Nodvick and Saxon [1]
studied radiation in detail by an electron beam following nwuoe 2  j /•/ n ) 4
a circular orbit midway between two conducting parallel P. 3=r2c°a
plates of infinite extent. In order to examine the theory,
coherent radii-tion loss needed to be observed. r(l) 3  2)2 2)21 ,

In 1989 coherent synchrotron radiation from short elec- x [K1(l(?/3n) +jI(,?)/3n2 2)
tron bunches was observed by using the Tohoku 300 MeV
Linac [2] [3]. Hereby, it became possible to verify the sup- where K(') and K( 1) are the modified Bessel functions,
pression theory. The intensity of coherent synchrotron ra- and 1/3 2/3

diation was measured in the presence of finite parallel plane tons/electron/mrad/l%BW], replace the factor outside of

metallic shields while the distance of those was changing. the big b ra dl W by

In this paper experimental results are compared with the the big bract. by

theory obtained by Nodvick and Saxon, and features of the 4 x 0l-wR
suppression effect are shown. 37rwoa o, (3)

The effect seems to be applicable to electron accelerators
with high current and short bunch length, such as bunch

*This work was supported in part by a Grant-in-Aid for General III. EXPERIMENTAL METHOD
Scientific Research, for Developmental Scientific Research and for
Encouragement of Young Scientists of Ministry of Education, Science A conceptual drawing of this experiment is shown in Fig-
and Culture.

tPresent address : Free Electron Laser Laboratory, Department ure 1. There are finite parallel shields (Aluminum, 1 mm
of Reactor Engineering, Japan Atomic Energy Research Institute, in thick) in the field of a dipole magnet, where synchrotron
Tokai-mura, Naka-gun, Ibaraki-ken 319-11, JAPAN. radiation is produced by an electron beam. The distance
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Variable Gap [ . r (b) 24m2 (a) 148m) 24mm

Shielding Plate

6)• 2 - c) 36rm . (d) 54mm

.>

Figure 1: A conceptual drawing of the experiment. The "
luminous region of synchrotron radiation accepted in an

optical system is covered with two parallel metallic shields. 2 3 4 1 2 3 4 5
The distance between them is changed by remote control. Wavelength [mm]

SFigure 3: Relative spectra obtained by using a polariz-

o- ............. ing interferometer at fixed distance between the shielding
_ , ., , e-beam plates. Panel (a), (b), (c) and (d) show spectra at the

F-igur-e" . --. listance of 14.8, 24, 36 and 54 mm, respectively. Spectra
swere normalized by those at the distance of 81 mt. Solid

e-boam system S P-.- .. Ml lines show measured values with a slit to block stray light.-- • .. bw t. Dashed lines show theoretical values calculated by formula
• ::++=•"]1. H;:'•by Nodvick and Saxon.

Spectrometer to measure 3 he spectrum of synchrotron radiation.

iM In order to block the stray light reflected by the shielding
plates, a slit was set t a n focal point just at the entrance
of the spectrometer.

eM•3 The radiation was detected by liquid-helium-cooled sili-

con bolometers [6].
o 50 IO0cm

I.,..,..I.,,.,,,iIV. EXPERIMENTAL RESULTS
Figure 2: Schematic layout of the experimental setup. fos: Aea
bending magnet, 5: shielding plates, P: luminous point, bw t sphield of 14.8, r 24,r 36a nd 54emtr m wee bdi-tan.
M1, M2 and M4: plane mirrors, M3: spherical mirror. twe shiel

taoed by using the polarizing interferometer. Spectra in
the wavelength regions of 1.1 by 2.3 mm and 2.3 4.4 mm

between those can be varied from 81 mm to 14 mnm. The were measured by using 1 mm and 2 mm low-pass filters,
shape of shields are trapezoidal, of which the transverse respectively. If suppression effect does not exist, relative
size to the beam axis is 180 mm (upstream) and 200 mm spectra must be unity. The observed results show the cx-
(downstream), and the longitudinal size is 300 mm. istencc of this effect.

The experimental setup is shown in Figure 2. Electron The relation hetween the intensity of coherent syn-
beam accelerated by the linac was injected from left to chrotron radiation and the distance of the shield gap, which
bending magnet. The beam energy was 50 MeV with an is shown in Figure 4 was obtained by using the grating-
energy spread of 0.2 % and the field strength of the bending type spectrometer at fixed wavelength 1.6, 3, 4. 4.5 and 5
magnet was 68.6 mT. A duration of the beam pulse was mm. The results show a tendency comparable sith theo-
2 pssec and its repetition rate was 300 pulses/sec. One retical values by the formula (2) and can be qualitatively
pulse was made up of about 5700 electron bunches. One explained by the theory by Nodvick and Saxon.
bunch consisted of 3.6x 106 electrons and its longitudinal Morezver, it is obvious that the shielding effect enhances
length was about 1.65 mm which corresponded to 5.50 in the intensity of synchrotron radiation at the wavelengths
the phase of 2856 MHz accelerating rf. just shorter than suppression region. Fu thermores by

Synchrotron radiation was condense,! by a round spheri- cenparing the theoretical spectrum calculated by formula
cal mirror with an acceptance angle of 70 mrad and was led by Nodvick and Saxon with that by Schwinger [71, it has

t uspecanditrom eters.iAngrating-type far-in lspsectrOne rbeen found that the suppressed power due to the shielding

puls wspetrmaders up ofrabougty500lctfr-infae bunctroes.Oe- pandb her yN kadSxn

ter [4] was used at a fixed wavelength with scanning the plates is equal to the en thanced pov r, and that total cn-
distance between the shielding plates. A polarizing inter- ergy of incoherent synchrotron radiation does not change
ferometer [5] was used at the fixed distance between those due to conducting boundaries.
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(a) 1... m.•mb)3.0orm [2] T. Nakazato, M. Oyamada, N. Niimura, S. Urasawa,
*.�.. 0. Konno,A. Kagaya, R. Kato, T. Kamiyama,

... ..... I......Y. Torizuka, T. Nanba, Y. Kondo, Y. Shibata, K. Ishi,

T. Ohsaka and M. Ikezawa, "Observation of coher-
0.5: ent synchrotron radiation," Phys. Rev. Lett. 63, 1245

S(1989).
()4.0m (d) 4.5mm

( [31 T. Nakazato, M. Oyamada, N. Niimura, S. Urasawa,

Y. Shibasaki, R. Kato, S. Niwano, M. Ikezawa,
T. Ohsaka, Y. Shibata, K. Ishi, T. Tsutaya,

0.5: T. Takahashi, 11. Mishiro, F. Arai and Y. Kondo,
cc ' "Spectrum of Coherent Synchrotron Radiation," Con-

1.5 (e) Omm 0 40 60 80 ference Record of the 1991 IEEE Particle Accelerator

Conference, Vol.2, pp.1 1 18 -1 12 0 .
[4] K. Ishi, Y. Shibata, T. Takahashi, H. Mishiro,

0.5 T. Ohsaka, M. Ikezawa, Y. Kondo, T. Nakazato,
"S. Urasawa, N. Niimura, R. Kato, Y. Shibasaki and

0 .- .20 4 6 .0 80 M. Oyarnada, "Spectrum of coherent synchrotron
radiation in the far-infrared," Phys. Rev. A43, 5597

Distance between the shielding plates [mm] (1991).

Figure 4: The relation between the intensity of coherent [5] Y. Shibata, T. Takahashi, K. Ishi, F. Arai, H. Mishiro,
synchrotron radiation and the distance of the shield gap. T. Ohsaka, M. Ikezawa, Y. Kondo, S. Urasawa,
Panel (a), (b), (c), (d) and (e) show the intensity at fixed T. Nakazato, R. Kato, S. Niwano and M. Oyamada,
wavelength 1.6, 3.0, 4.0, 4.5 and 5.0 mm, respectively. The "Observation of interference between coherent
intensity was normalized by those at the distance of 80 mm. synchrotron radiation from separate bunches,"
Solid lines show measured values with a slit to block stray Phys. Rev. A44, R3445 (1991).
light. Dashed lines show theoretical values calculated by
formula of Nodvick and Saxon. [6] Infrared Laboratory Inc., Product Brochure (January,

1988).

V. CONCLUSION [7] J. Schwinger,"On the Classical Radiation of Acceler-

The following important results were obtained by these ated Electrons," Phys. Rev. 75, 1912 (1949).

experiments.

1. Suppression effect of coherent synchrotron radiation
in conducting boundaries was observed.

2. The intensity of coherent synchrotron radiation which
is suppressed by conducting boundaries can be qual-
itatively explained by the theory derived by Nodvick
and Saxon.

3. Total energy of incoherent synchrotron radiation does
not change due to conducting boundaries.
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Abstract distribution, bandwidth and polarization of PXR
Parametric x-radiation can be described as from beams with energies from 25 to 900 MeV1 .

the diffraction of virtual photons associated with
the electric field of a relativistic charged particle II. THEORY
passing through a crystal. In analogy with Bragg The spectral distribution over the solid
reflection of x-rays, these diffracted photons angle subtended by the detector, dQ = AOAO
appear as real photons, with an energy which angle subtended by t
satisfies Bragg's law for the reflecting crystal can be approximated by
planes. We describe the results of experiments aN/ to = 'TJ2(ay,u)S(a.-Iui),
performed on the Naval Postgraduate School linac where the function J2 describes the main features
which were designed to explore the basic
properties of PXR in order to assess its potential of each spectral line 2 and the step function S,
application as a compact tunable x-ray source, which is unity when the argument is positive and
Experiments using a mosaic graphite radiator is zero otherwise, describes the effect of AOx.
show that this radiator produced multiple order, a =
narrow bandwidth reflections from 5 - 45 keV. X .y / 2 0 pT
The measured production efficiency is found to U = /(Co- (OB) / Coi ] tan0B / P = 0. / 0P
exceed that predicted for spectral orders n > 1. -= (y- + . + ta.2/112,0/
We demonstrated the tunability of PXR by where, 0p =((- + o +0, ) , with y and X.o
rotating the crystal in order to change the Bragg respectively, the Lorentz factor and the mean
angle relative to the incident 90 MeV electron dielectric susceptibility. 02. = 02d + 02, + 02.m is
beam. included, ad hoc, to approximate the effects of

I. INTRODUCTION beam divergence, multiple scattering of electrons
Parametric x-radiation (PXR) is generated and crystal mosaicity. The factor,

when a charged particle passes through a t,,.e 2  I1X012  L.(1I- eLIL)
crystalline structure. The real x-rays produced by hc (4 sin 0. cos0 ) 7tc0P
this mechanism are quasi-monochromatic and describes the roles of absorption length, La the
therefore spectrally intense1 . Through the proper
selection of the crystal, Bragg angle, angular interaction length, L, 0B and X10 , the structure
aperture and electron beam parameters, the photon factor.
energy and the bandwidth can be specified. In Fig. I illustrates the spectral function,
contrast to other mechanisms for the production of Fig. 1 illustrates the spectraunton,
x-rays, to produce 10 keV photons, PXR requires 2 0), and the portion of the spectrum observed
less than a 50 MeV electron beam whereas by our fixed detector when the crystal is oriented
synchrotron radiation (SR) requires 3 GeV and
transition radiation (TR) 300 MeV. Furthermore, at 0B = 22.50 and 0B = 23.50. At a distance of 1
the spectral brightness exceeds that of SR, TR and meter AOx,y = 16 mrad and AOx prescribed the
channeling radiation (CR) on a per electron basis.

Experiments done in the former Soviet observed bandwidth (4%).
Union have studied the intensity, angular

*This work was partially supported by the Defense Nuclear III. MEASUREMENTS
Agency, the Naval Postgraduate School and USDOE SBIR We have recently measured higher order
Contract (No. DE-FG03-91ER81099) spectra of parametric x-radiation from thick

graphite and silicon crystals. The production is

0-7803-1203-1/93S03.00 0 1993 IEEE 1620



determined by the interaction length, L, rather than orders increases with thickness 2 . There is also
by absorption lengths, La, for higher energy x- some evidence that the enhancement over theory
rays. For these conditions, the intensity of the observed in graphite may not exist for silicon. We
higher harmonics is considerably enhanced and are planning further experiments to investigate the
the n=2 intensity is comparable to the role of the mosaic structure of the graphite target.
fundamental 2 . The measurements presented here
show that PXR is a promising compact source of order n Energy PXR Theory Data
spectrally bright hard x-rays, and demonstrates (keV) Yield Yield Theory
that PXR production is directional, quasi- (N/e) (N/e)
monochromatic and tunable. 10-9  10-9

The absolute PXR yield (photons/electron) 1 4.88 1670 5230 0.3
has been obtained by simultaneously monitoring 2 9.53 1720 990 1.7
the x-ray fluorescence from a tin foil placed 3 14.29 850 240 3.6
directly behind the PXR target3 The crystal was a 4 19.08 420 80 5.3
1.39 mm thick mosaic compression annealed 5 23.88 230 34 6.9
pyrolytic graphite (CAPG), a form of highly 528 20 3 66 28.68 130 16 8.3
oriented pyrolytic graphite (HOPG), which is 7 33.56 68 8 8.8
reported to have the highest x-ray reflectivity of 6
any known crystal 4 . Fig. 2 illustrates the 8 38.44 34 4 8.8
experimental arrangement. Optical transition
radiation was used to align the beam and Table 1. Measured and TheoreticalPXRyieldsin
crystal 5 ,6 . The <002> reflection planes are graphite.
parallel to the face of the crystal so that the PXR is IV. REFERENCES
produced in the Bragg geometry. Since graphite 1. e.g. S.A. Vorob'ev et al., So. Phys. JETP
is not a good optical reflector, a small mirror Lett.41,1 (1985); V.G. Baryshevsky et al. Phys.
mounted coplanar to the surface was used to align Lett 1 IOA, 477 (1985); Yu. N. Adishev et al.the crystal. Lt 1A. 7 18) u .Aihve lNucl. Inst. and Methods A248,48 (1987); A.V.

The Bragg condition, 2dsin0B = nX, Shchagin et al. Phys. Lett. A-148. 458 (1990);
defines the resonance condition for the production V.P. Afanasenko et al., Phys. Lett. A 141,313
of PXR. Figure 2 illustrates the experimental (1989).
arrangement for silicon in a Laue geometry for 2. R.B. Fiorito, D.W. Rule, X.K. Maruyama,
which the Bragg angle, 0, = 22.50. Figure 3 K.L. DiNova, S.J. Evertson, M.J. Osborne, D.
shows a series of spectra for mosaic graphite in a Snyder, H. Rietdyk, M.A. Piestrup and A.H. Ho,
Bragg geometry for Bragg angles varying from "Observation of Higher Order Parametric X-ray
19. 10 to 25.60 and a fixed detector angle Spectra in Mosaic Graphite and Single Silicon

3=4 5 0 . The fall off of i yof the hCrystals", submitted to Physical Review Letters.intensity o high 3. X.K. Maruyama, T. Fasanello, H. Rietdyk,
order spectra as OB departs from 22.50 is due to M.A. Piestrup, D.W. Rule and R.B. Fiorito, "A
the fact that the spectral line falls off the fixed Method for Measuring Dark Current Electron
detector aperture as shown in Fig. 1. Beams in an RF Linac", these proceedings.

4. A.W. Moore, in Chemistry and Physics of
IV. DISCUSSION Carbon, Vol 17, pp 233-286, P. Walker and P.A.

Table 1 presents the measured PXR yields Thrower (eds.), Marcel Dekker, NY (1981).
for a Bragg scattering angle of 22.50. The 5. D.W. Rule, R.B. Fiorito, M.A. Piestrup,
electron energy in this case was 90 MeV. The C.K. Gary and X.K. Maruyama, "Production of
important observation to be made here is that the X-rays by the Interaction of Charged Particle
measured yields for the higher order peaks are Beams with Periodic Structures and Crystalline
many times larger than predicted by theory. We Materials, SPIE 1552, 240 (1991).
are theoretically investigating several possible 6. X.K. Maruyama, M.J. Hellstern, C.B. Reid,
mechanisms to explain our observations, but our R.B. Fiorito and D.W. Rule, "Optical Transition
present understanding of the phenomenon is Radiation Interferometry and Beam Emittanceincomplete2. Our experiments involving PXR Measurements", to be published in Nuc. Inst. and

from the (111) and (022) planes of silicon have Meth. B, April 1993.

definitely shown that the yield for the higher
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Figure 3. PXR spectra from the (002) plane of
mosaic graphite, observed with the detector fixed
at 450 and the crystal oriented at the indicated

A 'Bragg angles. The tin fluorescence line at 25.2
keV serves as an energy and beam intensity

Lcalibration peak.

Figure 2. Experimental setup for observing
parametric x-ray in the Laue geometry with
0n = 22.50. In the Bragg geometry, the photons
exit from the same side as the incoming electron
beam.
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Abstract Analytical expressions for each term on the right-hand side
We have formulated and obtained analytical expres- of Eq. (1) can be obtained.

sions for Thomson backscattered x-ray radiation for an
electron beam interacting with a linearly polarized electro- X .
magnetic undulator. The analytical expressions are valid
for the fundamental and harmonics with arbitrarily large
laser intensities. The formulation includes the effect of
"small angular misalignment between the laser pulse and . Observation
the electron beam. This misalignment is found to in- -e 60 e Point

crease the spectral width and distort the symmetry of the
backscattered radiation.

I. INTRODUCTION Radiating

Tunable, near monochromatic, high brightness x-rays

would be an important tool in research and medical diag- Fig. 1. Schematic of the Thomson backscatter config-

nostics. Synchrotron light sources produce useful x-rays for uration, where an electron beam intersects an incom-

a large user community. In this paper we examine a closely ing laser pulse.

related method of x-ray generation, Thomson backscatter- The frequencies of the on-axis radiation associated
ing of x-rays from intense laser beams. [1-4] The config- with the peak intensity are
uration, shown in Fig. 1, consists of an electron beam
intercepting an incoming laser pulse propagating in the wy = h4wL7,2/(1 + a2/2), (2)
opposite direction. Radiation is backscattered at a double
Doppler upshifted frequency. The laser pulse acts in the where h is the harmonic number, yo is the relativistic fac-
same way as the static magnetic wiggler in synchrotron tor, a = (e/rnoc2 )A and mno is the rest mass of the electron.
light sources or free electron lasers. [5-6] To obtain the analytical expression for (1), we as-

One advantage of using a laser undulator is that the sumed that the electron transverse motion is small, i.e.,
electron beam energy can be much lower than the electron
beam energy using static magnetic undulators to obtain a( Yo + 30)'v/2 < 1, the laser intensity is not exceed-
the x-ray of identical energy, since the wavelength of the ingly large, i.e., a << 2o'f0ifo, and k±Ar << 1, where
laser may be many orders of magnitude smaller than that Ar is the radius of the electron oscillation in the trans-
of the magnetic wiggler. Thus, this method has the virtue verse direction driven by the laser and k± is a measure of
of being extremely compact. the transverse wavenumber of the laser field. We find

II. FORMULATION
The laser pulse is assumed to be linearly polarized d21o e2w 2  [a - -d2

with frequency WL. The vector potential of the laser pulse dwdfl 41rc2•I 01 0 -I, sin 0

can be separated into fast and slow components, A(77) =C 2 (3)
A(i7)sin(i/)&=, where 17 = CLZ + WLt, kL = WL/c. The -a-I. (cos cos0+&0osin )|I,
pulse shape A(i7) and the wavenumber kL are assumed to 7J
be constants for the interaction time T and sin(i7) is a fast
oscillating component. We consider an electron with small d 2 1 e2w2  2 ( 12
initial transverse velocity, f3 0o -- vo/c, O0-o vo/c << 1. ddfl "- 4r,2 2 g0,0I0 + 1 sin 0 ,

It is possible to separate the energy radiated per unit
solid angle (dfl) per unit frequency (dw) per electron into where
two components go,* =(/#,o cos 0 + O1o sin 0) cos 0

d2  = d2 1o d2 # (1 sin a 0, (5a)

dwdO = wdfl + dwdfl sin0 ,

0-7803-1203-1/93$03.00 © 1993 IEEE 1623



go,0 = .. 0 sin 4) - /3 o COS 4), (Sb) For the electron beam without initial transverse veloc-

(1- 2 -p.20 velocityity, the backscattered radiation is peaked on-axis for the
o -o is the initial axial velocity, fundamental and the odd harmonics and is null on-axis for

i31 - (1 - (1 + y~3, 02( + /3�0))/(Qyo(1 +03,o)))/2, /3z0 = even harmonics. Figure 2 is a plot of d2I/dwdf) as a func-

i3lo/(1 + /3lo), /3 o =3jyo/(1 + f0o) and a = a/(1 + /30.). tion of normalized frequency and angle 0 (evaluated in the

The expressions for Io, I. and If, written in terms of the ) = 0 plane), where w, is the frequency of the fundamen-

harmonic number, are tal based on Eq. (2). The contour plots of the intensity
distribution in the x-y plane are shown in Figs. 3a-f. The

ih ointensities are normalized to the peak of the fundamental
Io =2e"00ZihphE(-1)"J,(d.)Jh+2m(dz) (6a) for (a) w = 0.94w, and (b) w = 1.0w,. The intensities

h=Li are normalized to the peak of the second harmonic for (c)
oob 0 0t w = 1.94w, and (d) w = 2.0w1 . The intensities are normal-

I. = - e Y]phE Z(- 1)- Jm(d.) ized to the peak of the third harmonic for (e) w = 2.94wl
h=i m and (f) w = 3.0w1 . This shows that the fundamental is

[Jh+ 2,-mI (dz) + Jh+2,+i(d.)], (6b) close to axially symmetric and peaked on-axis. The sec-
00 ond harmonic has mirror symmetry with respect to the

I, =- e i°p' E ihph Z(-1)mJm,(d.) y-axis and null on-axis. The third harmonic has mirror
h=1 -, symmetry with respect to the x-axis and peaked on-axis.

[Jh+ 2m-- 2 (d.) + Jh+2m+2(d.)], (6c)

d= . _ [sin0cos +0 +4o(1 +cose0)] (7a)
WL 70 0.40 '7N

and •• "
-2 0 0.30 ':: :.*

d. - t (1 + COS 0) .y02 (7b) 0 iiiiiii
toL _50 .20

The form for ph is ph = TNo sin Xh/Xh and it is peaked 3

at Xh = 0, where Xh = (do - h)TNo, •o.1O

0.00 l

do {1+ [(4-0 cos 4 + AV0 sin 0) sin 0

4-y2 oFig. 2. Plot of normalized d2 I/dwdfi per electron as a
function of normalized frequency and angle 0 (evalu-

and N& is the number of periods in the laser pulse. See ated in the ) = 0 plane) for an electron with no initial
Ref. [3] for the derivation, transverse velocity.

The analytical expression for the radiated energy per
unit solid angle per unit frequency per electron, given by With this formulation, we can examing the effect of

the sum of the expressions (3) and (4), with definitions misalignment of the laser with respect to the beam. For

given by (5a-b), (6a-c) and (7a-b), are valid for a wide /30o = 0.005, all the radiation moves off-axis with the center
range of values of laser amplitudes. For a << 1, only fun- located to (z/R = 0.0, y/R = 0.005). For36.0 = 0.005, the
damental radiation will be observed. Intensity of harmonic radiation profiles become distorted.
radiation becomes important for a > 1. Figure 4 is a plot of the energy radiated as a function

III. NUMERICAL RESULTS of frequency and angle 0 (evaluated in the ) = 0 plane),
for 13.o = 0.005. The contour plot of the intensity dis-

In this section we present numerical results for the tribution in the x-y plane are shown in Figs. 5a-f. The
energy radiated per unit solid angle per unit frequency per intensities are normalized to the peak of the fundamen-
electron. Three examples are given: 1) no transverse beam tal for (a) w = 0.94w, and (b) w 1.0wl. The inten-
velocity, and beam intercepting the laser at a small angle 2) sities are normalized to the peak of the second harmonic
/3,o = 0.005 and 3)13yo = 0.005. In all cases, the electron for (c) w = 1.94w, and (d) w = 2.Owi. The intensities
beam has 7o = 80. The normalized laser amplitude is are normalized to the peak of the third harmonic for (e)
a = 1.0 and the number of periods in the laser pulse is w = 2.94w, and (f) w = 3.0w1 . This figure shows that
taken to be 20. The small number of periods is not typical the fundamental is not symmetric and peaked off-axis at
for a laser pulse, but it illustrates the principles, while (z/R = 0.005, y/R = 0.0). The second harmonic becomes
avoiding difficulties in displaying data with very narrow almost axially symmetric peaked at the same position as
line widths. the fundamental. This is completely different from the
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perfectly aligned case. The third harmonic also becomes case of a linearly polarized laser pulse incident on a coun-
more axially symmetric and the peak is off-axis, as in the terpropagating electron beam. We have calculated the ef-
case of the fundamental. fects of small initial transverse momentum, including the

0010_ distortion of the intensity distribution, the reduction in on-
axis intensity, and the increase in bandwidth. We are cur-

-0005 rently extending this work to consider the effects of emit-
r tance (for a distribution of electrons) and laser pulse shape0 on the scattered radiation.

-0.005 0 o1

(a) w =0.94wi1  (b) w = 1.0wi
0-000

0.005 -0005 0.000 0 00;5 0010 -000 6 0.000 0o005 0010x /R-si(f) mo.(0) x/Rs-.n(0) coo(#,)

0.o00 G 0 (a) w 0.94w, (b) w 1.0w,
•-0.005 0.0 .0

_ _ _ _ _0005
-0005 0.000 0.005 0.010 -0.005 0000 0.005 0010 0

z/lt-./(n o(#) -0) /R =i(S) sW.•
S0.000

(c) w 1.94wi (d) w 2.0w,
S-0000

S-0005 0.000 0.005 0010 -0005 0000 0o05 001o
C x/R-uin(O) co,(#) X/Rfin(5) €os(,)

oo(c)w= 1.94w, (d) = 2.0w,
0010

-o 0005

__________________ __________________ ~ 0,005-

-0005 o000 0.005 -0005 0000 0005
x/R=sin(e) cos(o) x/R=min(#) cos(0) 0.000

(e) w = 2.94wi (f) w = 3.0w, _ 0_ _ _
Fig. 3. Contour plots of d 2I/dwdfO in the x-y plane
for an electron beam with 3 o = o= 0. -0005 0.000 0o005 0.010 -0005 0.000 0005 0010

()os() x,/R=sin(#) cos(#)

0.40 (e) w = 2.94w, (f) w = 3.0w,
Fig. 5. Contour plots of d2Il/dwdf in the x-y plane

030 for an electron beam with &0z = 0.005,,03,0 = 0.0.
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Generation of Intensive Long-wavelength Edge Radiation
in High-energy Electron Storage Rings
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Abstract de cr -_ ,2 (2)
Computation results on bending magnet edge radiation dO~dw =f1 (2)

(ER) in 2.5 GeV electron storage ring Siberia-2 are where r'=lI'l [101.
reported. Special features of the ER in high-energy electron It is practically more convenient to consider number of
storage rings are discussed. This radiation differs from photons emitted 'by all the electron beam per time unit.
standard synchrotron radiation as well as from short- dN/dt. If longitudinal bunch length exceeds the observed
wavelength ER in proton storage rings. Emission radiation wavelength, then the radiation of different
peculiarities of the long-wavelength ER in high-energy electrons is known to be essentially incoherent. Therefore it
electron storage rings are considered. The ER is shown to is obtainable for infinitely thin electron beam.
possess certain features of long-wavelength bremsstrahlung. dN ac2r-21 I 2

I. INTRODUCTION dtdQC(dw/w) 41r2e3

Electromagnetic edge radiation is generated by ultra- where I is electron current, a is the fine-structure constant.
relativistic charged particles in the region of magnetic field In line with approximation (3), spectral angular distribution
change at bending magnet edge. of the beam radiation is defined by that of one electron.

It was shown both theoretically and experimentally [1] - Let the y-axis be coincident with straight section axis in
[3], that in high-energy proton synchrotrons the short- the storage ring; x is horizontal axis and z is vertical one.
wavelength ER (at o where X, is critical wavelength of Electromagnetic radiation of ultra-relativistic particle is
standard synchrotron radiation from uniform field of directed forward for the most part [10]. Hence one can set
bending magnet) is much more intensive than the standard in Eq.(1) II <<1, InI«<<1, Inzl<<1. The electron is assumed
synchrotron radiation (SR). to move in median plane, therefore /A=-0. With regard to it,

The ER in electron synchrotrons and storage rings was the exponent phase in (1) may be shown up as
considered in [4] - [8]. The electron ER intensity exceeds co(r+ R/c) Do + 0;
corresponding SR intensity level at X>>XA; spectral angular S r (4)
characteristics of the ER are much different from those of 1 1 = ( Jr/.) [r2 + n2 + (n, -,8,)2}Is',

the standard SR. 
0

In this paper, the features of ER at X>X, are discussed. where the trajectory length s=r/k is used as integrating
First the computation results of the ER characteristics for variable; r'is the electron reduced energy (y>> 1), '0 does

the Siberia-2 electron storage ring (under construction in not depend on s. Squared magnitudes of a- and ir-

Kurchatov Institute, Moscow) are presented, and thereafter component of i, are given by the expressions
the peculiarities of the ER formation are analytically r 28

considered. The calculations were made in the J(E.),,2 =4 2 2 + R exp(in)d (
approximation of infinitely thin electron beam (ER = -2 p ) (5)
computation results obtained with due regard for finite 4,r 2e2 +n 2

beam emittance are discussed in [91). 2A(E,)"j= j -R ""exp(i4))ds.

II. COMPUTING THE EDGE RADIATION In accordance with the definition of H: n,,=(x*-x)IR,
CHARACTERISTICS n,=z*/R; x*, z* arf Cartesian coordinates of observation

Fourier transformation of electric field emitted by single point in the detector screen; x(s) and fi#(s) are defined from
electron in its motion along the trajectory F(r) may be the equation of motion,
given by the relation obtained from Fourier transformations
of delayed potentials [10] x(s) -fA(s')di' +x(0) /3(s) -jf(s')ds +f(iO). (6)

-0 r0o0
o= Ro J exp [ico( r + R/c)]dr. (I) where r0=-mc 271(eB0 ); Bo is uniform field in bending

- magnet; f(s) is magnetic field form-factor, f(s)=B(s)/Bo.

where 8= (dr-/dr)/c is relative velocity of electron; In storage rings the ER measurement geometry is such
that a superposition of radiation emitted at two adjacent

h= / R. R = j" - i, R =--•§; F" denotes observation bending magnet edges is observed (see Fig.l). Therefore in

point position, wL is radiation frequency, e is charge of a number of papers [4] - [71 general attention was paid to
electron; c is the speed of light, i is unit imaginary number. the interference effect. On the other hand, the characteris-

Spectral angular distribution of the radiation energy is tics of interfering ER in many respects are defined by the
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magnet ER for A>4, intensive peaks appear in the angular
distribution of radiation. In terms of angles respective to
straight section axis, the horizontal one ý and vertical one

e ER, the peaks are located at • -r-,,.= 0 for a-
component and at ', = o,t = ±y-1 for ir- component (the

-6. M _ ___ origin of coordinates is set in the intersection of the
electron trajectory and the magnet edge). This result

Figure 1. Edge radiation detection scheme. -correlates well with ER analysis at 2 - ac [6]. The peak
peculiarities of radiation generated at single bending magnet intensity considerably exceeds the intensity of the standard
edge. Relations (3) - (6) allow to calculate the characteris- at consideR eaks are intrity withespectardSR at Az>A•. The ER peaks are symmetrical with respect to
tics of single bending magnet ER as well as the ER from median plane at any wavelength, whereas the peak
two adjacent bending magnet edges. symmetry with respect to vertical plane appears only at

The convergence of integrals in (5) is provided by the A>> Fig.2 shows the angular distributions of radiation at
phase (D. therefore Eqs.(5) are not convenient for immediate 2=400nm. In this figure the standard SR corresponds to
computation. The integrals may be represented as large horizontal angle (»-> ).

T $2~ ~ A A'(D'- A 0Y'$
A exp(i(D)ds wJA exp(i(D)ds + + - ... exp(i() , There are not peaks at A<2, and the radiation intensity

-S1 ' 01 I S2 at small angles (l10< 2 y-1) is below the level of standard SR.
where A denotes pre-exponent factors; prime means differ- Intensity distributions of the ,,,400nm radiation
entiation with respect to s; the series in braces is obtained generated at two adjacent bending magnet edges are
through sequential integration by parts of the residuals presented in Fig.3. Geometrical parameters used in the
$ W computation are shown in Fig.l. The combined intensity

A exp (iO)ds and J A exp (i()ds. The actual numerical distribution comprises the system of concentric interference
-• 2 circles well-known in optics.

integration limits (--c<s <s <.•o) should be chosen to make
the series effectively converge. The use of only a few terms III. PECULIARITIES OF ER FORMATION IN
of the series makes the computation much easier. LONG-WAVELENGTH REGION

When computing the ER characteristics, the following In this chapter some approximate formulae revealing the
parameters of the Siberia-2 storage ring were used: y5"10O, mechanism of the ER formation at A>,,. are given.
I=100mA, 1rol=1960cm. The function B(s) was determined At large distance from the emission region transversal
according to measurements performed in the Institute of components of the vector fi may be treated as coincident
Nuclear Physics (Novosibirsk). with observation angles, n, ,n, _= . In terms of it, the

In line with the results of computing the single bending relations (3) - (5) may be modified as

a) b)

Figure 2. Angular distribution of single bending magnet edge radiation at ,,=400nm: a) a- component: b) xr- component.

a) b)

Figure 3. Intensity distribution of interfering edge radiation at A=400nm: a) cr- component: b) x- component.
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__a 2_ _Fo + F__,_2 (7) This makes the ER similar to the soft bremsstrahlung
dtd•(dA/) (7) possessing the corresponding feature [101.

By these means, the ER peaks at A>2A arise in conse-
F. = , ) exp(itI)ds; quence of the sudden change in magnetic field, from nil to

.(8) the constant value, along the electron trajectory in high

F, = - exp(i4')ds; energy electron storage rings. The peaks appear in the case
Ay _f that the effective trajectory region of forming the radiation

,i, .- t(yr- + ý' + 41)s - 21,d+,ds'+ b6ids'l. (9) is larger than the length of magnetic field dropping.
A 0 For the radiation emitted at two adjacent bending

To analyze the convergence of integrals (8), one should magnet edges, the following relations may be easily
consider the structure of the phase (D. Characteristic length obtained from Eqs. (8), (9), (10) at A>>A2:
unit may be easily found for each term of the phase in F 4y2_2 _n_(y-2 +2 +

Eq.(9) (the term's contribution to (D value is of the order of +sin [---(y + + 2A
one at this length). The length units are the following at 4y22 2 [_X1 -2 (14)

one~121/ at thi I _________sin 2[-(y 2 + 42+ 02)],
y141~l, 74]-1: Ay2 for the first term, (A1r 0Iy')r and (2lr0 ) 3  IF I1 + y242 + 2)2 2

for the second and third terms respectively. Therewith, it is where I is inter-magnet distance. Eqs. (14) are valid for far
obtainable from the A, definition that at A>Ac: removed detector (r*>>I) and small angles ( Mtel-l, p•11l).
3y 2 >(4,T/3)12 (A-1roIy)"12 >(4x3)PV 3 (1r 0 12 )1 3 >(4,V3)1r 01r-1; The similar relations were obtained in [6] at somewhat
the relation signs become opposite at -<A4. different modeling assumption. The qualitative agreement of

Let the characteristic length of magnetic field dropping Eqs. (14) and computation results (Fig. 3) is evident.
be As. Analysis of Eqs. (8), (9) reveals that if As is much In line with Eqs. (14). the highest amplification of the
smaller than the smallest length unit of the phase (i.e., in
the trajectory region As the phase change is much less then ER due.to.the inte rn takes ble at =Ay2nd 1 nn=l1,2,.... This amplification is unattainable at/I<2y2t2, and in
one), As value can be ignored in (8), (9) and the magnetic the limit l<tyý the ER is suppressed.
field can be regarded as the step-changing one,
fls)=O(s), (10) IV. SUMMARY
where 6(s) is thc step function. The ER features at A>A2 in high-energy electron storage

One can find from the outlined considerations that in the rings look very attractive to SR users in spectral range
case As<1r0Iy-' Eq. (10) is reasonable approximation forA>2: asoit s rasoabl fo 2<~ i Asy2 Oterwseextending from VUV to IR. The electron beam diagnostics

seems to represent a distinct promising application of the
in the case As>IroIT' Eq.(10) may be reasonable only at
A>A,4 if the following relation takes place: As<.(21r0l2) 13. edge radiation [9].

It is worth mentioning that the requirement We would like to thank Dr. V.N.Kogchuganov (Institute
As<<Jlr 012)113 is much weaker then the As<rlr0Iy- one being of Nuclear Physics, Novosibirsk) for the results of bending
traditionally used [6] as the restriction on application of the magnet field measurements he kindly presented.
approximation (10). In the case of the Siberia-2 storage ring Contact e-mail address: chubar@ksrs.msk.su
As>IrolIr, but values As and (21r 012)1t3 are comparable even
in VUV wavelength region. V. REFERENCES
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THE RADIATION EMISSION BY A HIGH ENERGY ELECTRON-POSITRON PAIR ANDT

ULTRARELATIVISTIC HYDROGEN-LIKE ATOM MOVING THROUGH THICH TARGET.

A.V.Koshelkin

Theoretical Physics Department, Moscow Engineering Physics Institute

Kashirskoye sh., 31, Moscow 115409, Russia.

1.INTRODUCTION. « 1 ( pl=,...,N - is the number of

We consider the radiation the particles ) angle to the z
z

emission by a set of ultrarelati- vector ( vector of the inward

vistic charged particles which normal to the boundary of the

undergo multiple elastic medium ) at t=O . Let the

collisions with atoms of a characteristic longitudinal size

amorphous scattering medium. The of the beam Lb be such that

radiation emission by a high Lbv 1 « T ( the time when

energy electron-positron pair and the particles move in the medium.

an ultrarelativistic hydrogen-

like atom in the medium is 3.SOLUTION OF THE PROBLEM.

investigated theoretically in The specrtal-angular distribu-

detail. tion of the energy emitted by

these particles is

2.STATEMENT OF THE PROBLEM.

We consider the system of dE,, , N T

charged ultrarelativistic (E>>d 2 Re E e ev .fdtfdE.o

clasically fast ( E » .) is a

radiation frequency ) particles

which do not interact with each
other ( E 4 , `4 , and e are the [xj 1][Ix] .expl-i)T + (i14.-- +

energy, the mass and the charge

of the particle, h=c=l ). These + o -I )},

particles enter a homogeneous,

semi-infinite, amorphous scatter- is the wave vector of the

ing medium. In the initial period, radiation field, dQ4 is an element

t=O, particles are located in of solid angle in the direction

the points I o ' ?'. 02 9 =?/k=I/( 4 (t+'L), 4= (tt+E),

and are the velocity Vo.' o'''._ =(t), = (t) are coordinates

IN, equal to v =[l-(m/E ) 11 2 VVVTOhe aeq to and velocities of the particles at
They are directed under the <<i« the time t+¶ and t respectively,
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T is the time scale of the radiati- conditions [2]:

on formation (the coherence time),

and the t is the time at which d Fk (t,)

the radiation is emitted. - i'(T)))Fk(t,¶)

To calculate the observed

spectral distribution of the 2
8 F (t,¶)

emission energy of the particles q k

in the medium, dE /d) , we must 4

average expression (1) over all a '

possible trajectories of the

particles in the scattering

matter [1]. To solve this problem k 4

it is necessary to find [21 t - iT( )-V(ý))Fk t'0

two-time distribution function of

the particles in a scattering .12
medium. In the case of q a &-P F (tO)

ultrarelativistic classically fast [ +k

particles the solution of the

problem is determined by the

Fourier component of this function Fk(0,0) V

* exp[if.(?o0 - oV)]

dE(1  2 N T OD a ~ Uf (J)-E*E1 *U(J),dW W
d-- ReE e efdQ.+dd d?,fdtfdo
d(o 2e- , =1,V4i 0 0 where q is the average square of

of multiple scattering angle for a

[AI× 1.AIVx ].exp{-i(,oY+i9-.( 4-1 + positron per unit of path [31,
U U(g); E ; U(g); E correspond

to the Forier component of
4 0 k ' t "'V the potential of interaction

with the atom of a medium and

the energy for the particlesThe function Fk(•, t,'L)
k V which number is . and for the

satisfies to the following positron respectively; I and T the

equations and the initial angle vectors which are connected

with (1) and •(T) by the
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ordinary formulae of the theory of electron-positron pair has a

multiple scattering in a amorphous maximum which is on the emisson

medium [3]. angles 0 k = (q T)"

We consider the radiation

4.RESULTS. emission by a hydrogen-like atom

The theory of radiation in a "strong" scattering medium.

emission by the set of We show that under the certain

nonidentical particles which are conditions (q n q; 7 « (q/qn '

scattered multiple elastic in a where q. and Z are the average

amorphous medium is developed. The square of multiple scattering

spectral-angular distribution of angle per unit path and the charge

the emission energy by these of the core for hydrogen-like

particles is obtained, atom) the spectral distribution of

The emission by an ultrare- the emission energy by this atom

lativistic electron-positron pair has step-like view. The width and

(_eoe~tror, •eetron = -1 ) the height of the "step" depend

in a scattering medium is sufficiently on the charge and on

researched in detail. We have the mass of the core of the

shown that the interference of emitting hydrogen-like atom.

waves emitted by the electron and

by the positron leads to the REFERENCES.

suppresion of the intensity of the l.A.B.Migdal, Phys.Rev., 103, 1811

emission energy at long wave (1956).

frequency range while at shortwave 2.A.V.Koshelkin. Zh. Eksp.Teor.Fiz.

frequency region the interference (Sov. JETP) 100, 1724-1738 (1991).

effects is negligible an the value 3.N.P.Kalashnikov, V.S.Remizovich,

of the emission energy is M.I.Ryazanov, Collisions of Fast

proportional to the number of the Charged Particles in Solids,

irradiating particles. We show Gordon and Breach Science

that under the certain conditions Publishers, New York, 1985.

the emission spectrum of the

electron-positron pair has

overbending point which is

situated on the frequencies in

order of qE2 m 2 . It is shown that

the angular distribution of the

emission energy of the
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BREMSSTRAHLUNG BY THE BUNCH OF ULTRARELATIVISTIC CHARGED PARTICLES

INTO A THICK TARGET.

A.V.Koshelkin

Theoretical Physics Department, Moscow Engineering Physics Institute

Moscow 115409, Russia.

1.INTRODUCTION. semi-infinite, amorphous scatter-

Bremsstrahlung of a system of ing medium. In the initial period,

classically fast charged particles t=0, particles are located in

which do not interact with each the points 1o0' 102 , ... ' ON

other but which do undergo and are the velocity 1 , 0 ... ,0t 02

multiple elastic scattering by I.., equal to vo=[l-(m/E)]2 I/2 and

randomly positioned atoms of the they are directed under the I I<

medium is studied. We derived the « 1 ( •=I,...,N - is the number of

spectrum of the bremsstrahlung of the particles ) angle to the z

such particles through a vector ( vector of the inward

systimatic kinetic analysis of normal to the boundary of the

radiation process in the medium. medium ). Let the characteristic

It is shown that the spectral longitudinal size of the beam

distribution of the emission Lb be such that Lb v1• T ( the

energy of the bremsstrahlung time when the particles move in

depends significantly on both the the medium).

characteristics of the scattering

of the particles in the medium and 3.SOLUTION OF THE PROBLEM.

the parameters characterizing the The specrtal distribution

minitial set of the particles, of the energy emitted by these

particles is
2.STATEMENT OF THE PROBLEM.

We consider the system of dEW e o N T
I = JRe E SdQ- fdtrdU ••,

charged ultrarelativistic (E » m ) dw 2 RL2 0

clasically fast ( E > ,L) is a 0 0 (I)

radiation frequency ) particles [AXV Iexp{-iw + il.( 1 - 1 +

which do not interact with each
other ( E, m, and e are the + - )

energy, the mass and the charge

of the particle, h~c=l ). These i is the wave vector of the

particles enter a homogeneous, radiation field, dQi. is an element

of solid angle in the direction

0-7803-1203-1/93$03.00 0 1993 IEEE
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?/k 4=? (t+,U), I k (t+¶), condition [21:

= (t) , 10=1 (t) are coordinates

and velocities of the particles at 0 Fk(t,t)

the time t+'L and t respectively, - il' (1).Fk(t,'L)-=

'U is the time scale of the radiati-

on formation (the coherence time), 2on d Fk(t,¶)
and the t is the time at which q

the radiation is emitted.

To calculate the observed

spectral distribution of the

emission energy of the particles

in the medium, dE /d(0j , we must i90 ()(t ))F(t,0)=

average expression (1) over all a t

possible trajectories of the

particles in the scattering q F 1
matter [1]. To solve this problem . +

it is necessary to find [2] ar)
two-time distribution function of

the particles in a scattering

medium. In the case of Fk(0'0) = 6(I-A)'6(-A

ultrarelativistic classically fast

particles the solution of the *exp~ig.( -

problem is determined by the oL-

Fourier component of this function

where q is the average square of
k Vmultiple scattering angle per

dE (0 e 2  N T w unit of path [31, 1 and T the

=-- Re d di? ddjr dtfdL angle vectors which are connected

o o with I L(1) and ( by the

ordinary formulae of the theory of
[AxI ].[XI VI.exp{-iL+if.(} - + multiple scattering in a amorphous

medium [31.
+ F -14 Fk(9 t

04 ow) k 4.RESULTS

We have constructed a consis-
The function Fk0V t1u) tent kinetic theory for the

satisfies to the following radiation emission by a system of
equations and the initial
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classically fast noninteracting qDt- 3  S t.(qT)-' « 1 the

charged particles which undergo plateau convert into " strict

multiple elastic collisions in a maximum . As before , we have

scattering matter. We have found (dE /dW )max. (dE /dW -- N. If
(k) 

-Vthe spectral distribution of the we have qD >- 1 , then the

emission energy from such quantities (dEW /d(.) )mox and

particles. The obtained spectrum (dE,,, /d'. ) become approximately

depends strongly both on the equal to 1.

parameters of the scattering The bremsstrahlung by a higly

medium, and on the characteristics anisotropic point source of

of the initial system of the ultrarelativistic particles is

particles, investigated. We show that in this

We have studied in detail the case the spectral disrtibution of

emisson by the beam of idetical the emission energy has a maximum.

particles. It is shown in this The last is unique. The shape of

case that the spectral the maximum as well as the

distribution of the emission magnitude of the emission energy

energy has at least one extremum depend strongly both on the value

in contradiction to the situation X 1• I of cone vertex angle which

of an individual particle [I] the includes the initial

when the emission spectrum is a velocities of the particles and on

monotonic function from emission on the scattering properties of

frequency. If the pulse beam of a scattering medium.

identical particles takes place

then the extremum is a maximum. REFERENCES.

Moreover if the width of the l.A.B.Migdal, Phys.Rev., 103, 1811

initial beam D is such that the (1956).

condition qDt-3 « t(qT)-V' 2  « 1 2.A.V.Koshelkin. Zh. Eksp.Teor.Fiz.

holds, the maximum of (Sov. JETP) 100, 1724-1738 (1991).

bremsstrahlung energy spectrum is 3.N.P.Kalashnikov, V.S.Remizovich,

a plateau with a width on the M.I.Ryazanov, Collisions of Fast

order D' (qT)- '. The ratio of Charged Particles in Solids,

(dE (' /dW ) max to the background Gordon and Breach Science

level ( (dE0/d()) = 2e 2 qT/3'Jt) Publishers, New York, 1985.

is approximately equal to N

the number of emitting particles.

As the parameter qDt-' increases
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There are 18 dipole magnets powered in series and four
Abstract families of quadrupole magnets, each with 12 magnets
A 1.3 GeV synchrotron radiation storage ring is currently powered in series. The chromaticities are corrected with 2
under construction at SRRC. The installation activities had families of 24 sextupoles. In addition, there are 24 horizontal
gone through about one year, from March 1992 to March and 30 vertical corrector for orbit correction. Several skew
1993. The commissioning of the booster to storage ring quadrupoles were installed. The magnets were designed,
(BTS) transfer line started from August 1992 soon after a 1.3 constructed, measured, and analyzed with care. All magnets
GeV synchrotron booster injector had been delivered in July installed in the ring are within acceptable tolerances in terms
1992. The intensive activities of the storage ring beam tests of the multipole errors and integrated fundamental field
began in April 1993. We had stored beam in April and some errorsl 1,61. The pulsed magnets such as septum and kickers
machine parameters have been measured also meet specification.

I. INTRODUCTION C. Vacuum
To provide continuous, tunable and bright VUV and soft x- The most of the vacuum chambers were made of aluminum.
ray light sources for the researches ranging over physics, Cares were taken as to provide ultrahigh vacuum, low
chemistry, biology, medicine, etc., a third generation impedance environments. The clearance of the material.
dedicated synchrotron radiation facility was established in tapering of the chamber, shielding of the bellows, the
Taiwan. The SRRC accelerating system consists of a 50 MeV thermal load, deformation, rigidity and flexibility of the
e linac, a 1.3 GeV synchrotron booster[ 1.21, a 70 in long supporting frame, etc., were seriously considered to meet the
BTS transfer linel[,31, and a 1.3 GeV storage ringll,4,51, requirements. Up to now, without turning on ion pumps, the
Up to now, the storage ring is in the commissioning stage. vacuum pressure was about 10-8 Torr without beam and about
The stored beam was accomplished in April. We expect the 10-7 Torr with a few mA stored beam current. The bake-out
designed current of 200 mA will be achieved soon after the of the vacuum chamber will be done in June. After turning
vacuum vessels are baked in June. The design parameters on ion pumps, we expect the vacuum pressure can reach 10-11
and components are described in Sec. I1. Installation Torr without beam.
activities are given in Sec IlI, and finally the early
commissioning results are shown in Sec. IV. D. RFsvvstent

In one of the long straight sections, two Doris I type cavities
II. DESIGN PARAMETERS AND COMPONENT purchased from DESY were installed. Each cavity is with 60

kW maximum RF power provided by individual transmitter.
A. Lattice The system can accelerate 1.3 GeV electron beam of more
The lattice structure is a combined-function triple-bend- than 200 mA current in the presence of insertion devices.
achromat (TBA) type with 6-fold symmctryl 1.4,51. There are The nominal RF frequency is 499.654 MI-z.
six dispersionless long straight sections, each 6 in, for the
accommodation of injection elements, RF cavities, E. Su u'v antv A ilignment
undulators and wigglers. Some major parameters are listed as Extremely tight requirements on the alignment of the
follows: magnet, especially quadrupole magnets in the ring in the

Energy 1.3 GeV transverse directions are necessary in order to reduced closed
Circumference 120 in orbit distortions. The acceptable alignment errors in both
Natural emittance 19 nm-rad planes are 0.15 mm rms and rotation errors are 0.5 mrad
Tune v,/vy 7.18/4.13 rms. The quadnipole magnets were prealigned in the girders
Momentum compaction 0.00678 and then moved into the tunnel. The final results of the

The dynamic aperture of the single particle dynamics and alignments for dipoles and quadrupoles were 0.14 mm rms
collective effects of the particle beamn were studied in detail. and 0.12 nun rms in the horizontal and vertical plane,
The acceptable tolerances of the magnetic properties and respectively. The tilt errors was 0.2 mrad rms in dipoles and
alignment errors were givcn accordingly[ 1,3,4 1. 0.06 mrad in quadnipoles. For sextupoles. the results were

0.20 mnm rms and 0. 15 mm rmis in the horizontal and vertical
B. Magnet and Power Supplies plane, respectively. All were within acceptable tolerances.
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The measured closed orbit distortions were consistent with through septum and injected into ring in January 1993. In
the simulated results and will be described in Sec IV. February 23, the first beam revolution for the first time was

accomplished using one kicker for on-axis injection. The
F Beam Diagnostics beam was observed in each screen monitor without using any
There are seven destructive screen monitors for first turn corrector. It showed that many sub-systems were basically in
beam observations in the ring. Two were used for injection good condition. The beam sizes in the screen were consistent
launching adjustment. The number of button type beam with the theoretical values. The alignment errors proved to
position monitors (BPM) are 47 in total. Two stripline be barely acceptable in the horizontal plane and extremely
electrodes are also installed. One excitation electrode station good in the vertical plane. Due to the long half-sine base
can be used for the tune measurements as well as for the width of 1.6 p•s (400 ns revolution time) of the kicker pulse
transverse instability damping. The fast beam signal can also and only one kicker available, the second turn observation
be measured using fast current transformer and precise beam was impossible. Soon after all four kicker were available in
current are obtained from DCCT. Some other elements such April, we have several hundred beam revolutions using a few
as scraper, photon light monitor, etc., are described in ref.[7]. correctors without RF power and beam was captured on April

13 after turning on RF power with minor adjustments of the
G. Control and Operation[8] magnet settings and RF frequency. The stored beam current
VAX workstations running VMS operating system are used was a few mA and beam lifetime %as a few minutes under
for control computer system. Between database and the sub- vacuum pressure of 10-1 Torr.
system devices, several intelligent local controllers (ILC)
were implemented. A friendly graphical user interface (GUI) B. Closed Orbit
operation panel was developed. The radiation safety interlock We performed the closed orbit measurements soon after the
system is a self-protected subsystem and will be linked to the BPM system was operative and the orbit was corrected down
central control system. to 0.5 mm and 0.3 mm rmis in the horizontal and vertical

plane, respectively, using on-line application programs[9].
Ill. INSTALLATION Further suppression of the orbit distortions will be obtained

as soon as the BPM system is well calibrated. The
The installation task of such a rather complicated system in preliminary results of the closed orbit measurements without
deed need well planning and full cooperation among all sub- using corrector are fairly consistent with simulation results
systems. A cell of 20 m long was installed in the shop by the using existing alignment data. Figure 1 show the closed orbit
end of 1991. We gained a lot of practical experience. The before and after correction, and simulated results as well.
installation of the BTS started in March 1992 and completed
in September 1992 except the septum magnet. The
installation of the ring began from March 1992. By May
1992, the cabling work and magnet stands installation were
finished. Power supplies and all magnets except pulsed
magnets were installed by October 1992. Finally, the vacuum 4,
system including diagnostics elements, RF cavities, and RF . -
low level system were installed by the end of 1993. In
February 1993, we passed the full power tests of magnet.,i
power supplies and the ring chambers were connected as a '°

closed form by then. The installation of the RF high power
transmitter and four kicker pulsers were finished in March .,
1993. The alignment of the magnets reached the acceptable __- __-________,

level in March. In the meantime, the subsystem tests with\,"
control computer and developments of the control system • - [
software were under way. The subsystem tests with beam I
were taken whenever necessary. The storage ring -'o

commissioning started in April and we had stored beam very 0 X Q W

soon.

IV. COMMISSIONING c bcforecttonScod after corrcctson

A. milestones
The BTS beam tests started in August 1992 when the lower Figure 1. Closed orbit distortions before and after correction
level section of the transfer line was completed. By in both planes and the simulated orbit before
September. the beam reached septum entrance point. After correction are shown.
the pulsed magnets had been installed, the beam passed
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C. Synchrotron Tune and Momentum Compaction Factor F Beam Energy and Circumference
The electron beam signal was picked-up with a stripline The injected beam energy was defined by varying the magnet
electrode and analyzed with a spectrum analyzer. setting and RF frequency. From the closed orbit distortions.
Synchrotron sideband was measured and the momentum one can obtain the energy deviation from the magnet
compaction factor was extracted. The measured momentum scttings. It was found that the injected beam was 1.3033
compaction factor was 0.00663 and in good agreement with GcV. The accuracy is about 0.05 %. The circumference was
the design value of 0.00678. less than 0.5 mm from the survey and alignment data, which

was consistent with the closed orbit data.
D. Betatron Tune and Betatron Function
The turn-by-turn signal from one BPM electrode was FF1 G. Bunch Length
analyzed after electron beam was kicked using one of the The electron beam signal picked-up with stripline electrode
kicker magnet with about I mrad in the horizontal plane. was analyzed with a fast digital sampling oscilloscope to
The betatron sidebands were observed. The measured tunes obtain bunch length. The measured bunch length a. of 42 ps
were v.=7.142 with nominal sextupole setting and corrected at 300 kV RE peak voltage was in good agreement with the
orbit. The vertical tune vy=4.170 was obtained from the orbit theoretical value of 37 ps.
changes with vertical corrector setting. We will measure the
tunes in both planes using the tracking generator and V. ACKNOWLEDGMENT
spectrum analyser system in the near future. Optimum
working point will be searched soon. By varying the The authors would like to tha-k all SRRC personnel who
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Commissioning a Second Superconducting Wiggler in the Daresbury SRS

M W Poole, J A Clarke, P D Quinn, S L Smith, V P Suller and L A Welbourne

SERC Daresbury Laboratory, Daresbury, Warrington, WA4 4AD, UK.

Abstract straight and the most important is one of the four D-
sextupoles used for chromaticity correction. Unfortunately

A second superconducting wiggler magnet has now been both numerical simulations and subsequent experiments have
installed on the SRS at Daresbury. This three pole device confirmed that a breach of the present four-fold symmetry
generates a field of 6 T on the beam axis and greatly extends cannot be permitted since the dynamic aperture collapses [4].
the range of useful synchrotron radiation on the light source. This behaviour is due to the influence of resonance lines up to
The magnet properties are briefly reviewed, together with the at least fifth order.
necessary and major modifications that have had to be made to
the SRS to accomodate this powerful addition to the lattice. All four sextupoles have therefore been moved by one
Initial commissioning trials in the Spring of 1993 are straight and this has only been made possible by a complete
described and a comparison made with expected influence on redesign of the injection kickers to make room in their straight
the beam behaviour. Successful operation has been sections. Together with a series of other major changes this
demonstrated, including simultaneous excitation with the necessitated a long shutdown of several months duration and
earlier 5 T wiggler. the SRS did not return to full operational status until the

second half of 1992. Following cryogenic commissioning the

I. INTRODUCTION first tests of the new wiggler with beam became possible in
the early part of this year.

Since 1982 a 5 T superconducting wavelength shifter
(WI) has been an important operating feature on the 2 GeV III. WIGGLER MAGNET DETAILS
electron storage ring at Daresbury. Because the SRS has a
simple FODO lattice such an insertion device has an A contract for the detailed design and construction [5] of
inevitable effect on the beam emittance in addition to a the superconducting magnet was placed with Oxford
significant vertical tune shift. Predicted and measured effects Instruments. The specification was based on a conservative
were compared in an earlier paper [11 and a method of design philosophy that would guarantee performance, with a
focussing compensation using an active current shunt on an warm bore avoiding unnecessary complications at the interface
adjacent quadrupole has also been described [2]. with adjoining UHV vessels. Use of magnetic steel poles

generates additional field and also assists in reacting against
Following this success in extending the available range of the large forces arising from the central pole coils. These main

photon energies a second wiggler project was initiated and the coils are a racetrack geometry wound from rectangular Nb-Ti
outline design has been presented [3]. The magnet (W2) was conductor and have a graded current density over three sections
specified to have a field strength of 6 T and to provide a usable to exploit the varying field across them. The chosen coil
radiation fan of 50 mrad to five experimental stations on a new design ensures that a comfortable calculated temperature
beam line. Extrapolation of the 5 T design to the higher field margin of about 2 K exists. The main coil power supply needs
suggested an unacceptable increase in source dimensions and to be rated to 700 A but an 80 A supply is more than
so a new design was pursued in order to minimise the sufficient for trim purposes on the small coils around the end
emittance blow up, particularly since the two superconducting poles.
devices were required to operate simultaneously.

The magnet has a relatively short central pole, sufficient

II. SRS MODIFICATIONS only to provide the required field level over about 70 mm of
beam orbit, but in contrast the end poles have been stretched

The SRS has been operated for users since 1981 and a to the maximum permitted by the available overall length in

large number of its sixteen bending magnets are now being the straight of just over I m. The reason for this geometry is

exploited for beam lines. Few straight sections of the FODO to reduce the cubic field integral, a requirement explained in

lattice remain empty and the experimental area around the ring the next section.
is also very congested. This has forced the selection of a
straight immediately upstream of the injection area and the The cryogenic design is quite conventional and includes a
resultant beam line from the new wiggler must therefore cross nitrogen screen. There is provision for in Situ bakeout of the
the transfer line from the booster synchrotron injector. The beam pipe to 150 h C. The normal mode of operation is to
septum magnet power supply has had to be relocated to avoid provide liquid helium from a closed cycle refrigerator that alsothe emerging radiation beam and the opportunity has also been drives the first wiggler, but it is also possible to bulk fill if
taken to redesign the septum itself, this supply is interrupted. The current leads are a major source

of heat leakage, but despite this the helium usage is less than

In order to provide sufficient space for a realistic wiggler 5 liquid litres per hour even at 6 T and the magnet endurance
design it has been necessary to remove components from the exceeds 20 hours.
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The magnetic field specification is an onerous one. The is for the present SRS working point (Qr = 6.15. Q, = 3.35)
quadratic field integral must not exceed 5.5 T2 -m and the and the W I shift is therefore somewhat greater than reported in
(modular) cubic one must be less than 22 T3 -m. A first reference III.
integral of 0.04 mT-rn ensures an acceptably small closed
orbit ripple but this can only be achieved by feeding a small Table 1
trim coil on the end poles from a separate supply. Because the
SRS is injected at a lower energy of 600 MeV the residual Calculated SRS Parameters at 2 GeV
integral with the magnet switched off must be even smaller
and the anticipated remanent level of over I mT-m will need to Wl/W2 Wl W2 W1/W2
be corrected or removed.

Off On On On
Even the measurement of such small terms is a

considerable challenge : for example the dipole field integral at Vertical tune shift 0.06 0.062
full excitation is less than 3 x 10-5 of the modular one. An
accurate rotating coil system was developed by the
manufacturer and this could also be scanned laterally to Hor. damp. time (ins) 5.3 4.9 4.8 4.5
monitor the transverse harmonics. These measurements Energy spread (104) 7.2 7.6 7.9 8.2
confirmed that the magnet did meet its design specification at Hor. emittance (nm-rad) 105 134 155 186
all field levels, although the resultant trim currents
unexpectedly demanded a bipolar power supply. Overvoltage(Tq=100h) 2.73 2.80 2.88 2.90
Supplementary data from a Hall plate gave measured second
and third integrals of 4.8 T2-m and 20 T3-m.

With global correction there remains a very strong beta
IV. BEAM STUDIES beating with increases up to 40 % but the data in Table 1

assumes the use of the local quadrupole shunt correction
The initial trials before delivery had demonstrated scheme which leaves only a small ripple. Identical active

excellent training with a first quench at 4.8 T and only three shunt designs can be used for each wiggler and these are rated
more to reach full field; high ramp rate tests thereafter only well above the predicted requirement of about 55 A. The
induced one further quench (at 6.1 T). After its delivery to measured vertical tune shift is presented in Figure 1 and does
Daresbury the magnet was set up in a temporary position exhibit the expected quadratic dependence on wiggler field
outside the ring tunnel and briefly energised to full field to level. However the best fit to this data has a coefficient about
confirm there had been no transit damage. No quenches have 20 % below the computed value so that clearly the model is
been experienced in the ring and beam tests were able to inaccurate, a surprising result in view of the success of a
commence once power supply checks had been completed. similar model with the first wiggler.

A first trial at 600 McV with the coil excitations set to
values established during the magnet measurements showed 0.05
beam loss due to horizontal orbit movements even at fields
below 0.5 T and the trim was therefore adjusted empirically. 0.04
At higher field levels there was good agreement and it seems ,.

that this minor discrepancy might have been associated with "
remanent field behaviour. With optimised trim settings 0.03
resultant rms orbit displacements below 0.2 mm could easily
be achieved up to the full 6 T. However with the magnet
switched off orbit variations of up to 1 mm were in evidence, 0.02-
but these remanence effects have been readily compensated by
small changes to the injection orbit steers. An alternative is to 0.01
remove the unwanted field and suitable techniques have been
established, employing either a proven degaussing cycle or a
bucking current in the trim coils. 0.00-

0 1 2 3 4 5 6
Initially the tune shift was corrected by a global change to Wiggler Field (T)

the D-quadrupole family and routine 6 T operation was then
established. It has previously been confirmed that for lattice
calculations a three pole wiggler can be accurately simulated Figure 1. Measured variation of vertical tune with wiggler
by a hard edge model [I I if the appropriate field integrals are excitation, with best quadratic fit.
used, with measured and predicted tune shifts on the first 5 T
wiggler in excellent agreement [21. Table I summarises the
more important parameter changes caused by both the old and Preliminary checks of the beta modulation confirm that
the new wigglers and it can be seen that the tune shifts are the residual ripkpe after compensation is less than 10 % but it
almost equal despite the increase of field to 6 T. All of the data is known that the SRS does have unexpected beta variations
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from cell to cell that might explain the discrepancy. A period of tests both wigglers were energised simultaneously
secondary check is to examine the experimental values of and their tune shifts fully compensated. As anticipated from
quadrupole shunt current and these are plotted in Figure 2. Table I the horizontal source dimensions then increased

significantly, but no unexpected beam effects were
60 _ _ encountered.

50 V. CONCLUSIONS

A 6 T superconducting wiggler magnet has been
C40 successfully designed, constructed and installed in the SRS. Its

field properties have been carefully measured to high accuracy
30- and lattice simulations have been compared with recent

operating experience.
~20-

This second wiggler can now be used routinely with high

10- current beams and few commissioning tasks remain. The only
significant anomaly so far discovered is a vertical betatron tune
shift much smaller than expected, probably due to a non-ideal

0 - T beta function distribution around the storage ring. Following
1 2 3 4 5 6 planned commissioning of the port and beam line scheduled

Wiggler Field (T) user beams will commence in August 1993 when the SRS
will become the first light source with two such insertion

Figure 2. Best quadratic fit to values of D-quadrupolc shunt devices.

current for fixed vertical tune with wiggler excitation. VI. REFERENCES
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planes. For the new wiggler few measurements have yet been
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(10 %) is similar but more linear with field than on the first
device.

The additional radiation loss of 24 keV per turn from the
second wiggler, together with the need for a higher overvolLuge
factor, demands a 25 % enhancement of the rf power delivered
to the accelerating cavities but this is well within the capacity
of the installed system. Other implications, such as reduced
damping times and bunch length, are too small to be
noteworthy. Finally it can be reported that during the last
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